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Abstract

This thesis deals with electromagnetic interference taatarise from switched DC/DC-
converters intended for low-power applications, e.g. inittne telecom or automotive
industry. It analyzes measures and methods that can apphied a reduction of EMI
directly at the source without using any additional mearth s shielding and filtering
is desired. By investigating the physical properties of tive most important ingoing
components, the diode and the MOSFET, an improved MOSFETehaodl a new gate
voltage control method is proposed. This method is refeexs active gate control with
a operating principle where a controller circuit shapesdisred output to a sinusoidal
trajectory during the entire switching event. By doing tlitiss shown that the harmonic
content in the output signal can be reduced. The proposedR&D$nodel is used as a
base for extracting suitable controller parameters wightiblp of a linearized state-space
system. Two different outputs were selected and investith&ither the drain-source volt-
age or the drain current. The general conclusion from sitiula and measurements are
that active gate control where the drain current is seleasetthe controlled quantity has
good potential for reducing the harmonics and the emittedtedmagnetic disturbance
in a switched DC/DC converter even though it sets high demamdthe controller cir-
cuit. The analysis shows that a controller with static pasters derived on basis of the
proposed MOSFET model is not sufficient due to the complexitthe system which
includes many nonlinearities and varying parameters. dietoto obtain better transitions
that are valid over a wider range of operating points, aslapontrol needs to be imple-
mented. Simulations shows that by carefully selecting throller parameters based on
the proposed MOSFET model and adapting the parameters toitfent operating point
an improvement in performance and robustness can be adhieve

Index Terms. Electromagnetic compatibility, Electromagnetic inteefece, DC-DC
power conversion, Semiconductor device measurementsc&eductor device
modeling, MOSFET switches, Power semiconductor diodeapfide control, State
space methods.
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Chapter 1

| ntroduction

1.1 Problem Background

Power electronic converters can be found wherever thereegd to modify the electrical
energy form (i.e. to modify its voltage, current or frequgné@ower electronics are used
in widely different areas such as point-of-load suppliexomputer motherboards, trac-
tion control for electric drives and connection of windpaovpdants to the grid. Therefore,
their power range from some milliwatts to hundreds of medesvahis thesis focuses
on the usage of low power DC/DC converters intended for ortbpawer. Modern elec-
tronic devices, e.g. processors, often make use of sevifferietit voltage levels in the
same application which gives a demand of power electronics.

One trend in e.g. the automotive industry is that objects dhiginally were mechani-
cally operated are being replaced by electronically cdletiaones. These electrical loads
often demands variable power at a varying voltage levelc@édnC/DC converters and
DC/DC inverters are employed. Examples of such applicatissing switching power
supplies in vehicles are fuel pumps, seat heaters and bgats.liThe trend of employ-
ing several switched converters can also be applied to ttversand telecom industry,
not due to the plentiful occurrence of mechanical loads,ratlter to the high demand
of multiple voltages that supplies processors and otheswoers. Another aspect that
emphasizes the importance of reduced electromagnetidaréace from switched con-
verters is the aspect of area and volume. In the automotaesiny, all locations where
electronic equipment can be placed are strictly predetexchand can not be adjusted.
This can also be applied to the telecom industry where settdonverters can be placed
close to sensitive radio frequency equipment. Since theerter often carries high cur-
rents and utilizes large magnetic and inductive componéntdten acts as a source of
disturbance.

The perhaps most important incitement for the increasedeazorof EMI is the relatively
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new EMC Directive, 2004/108/EC, that is valid from July 200ithin the entire EU. It
is by some considered as one of the most comprehensive stiareleer to originate from
the European Commission. The directive consists of a dadleof regulations that ev-
erything powered by electricity, regardless of the powerrse, has to fulfil before the
product can be marketed in the EU. The EMC Directive consistsainly two areas. On
one hand it governs the electromagnetic emissions of eqripin order to ensure that,
in its intended use, the equipment does not disturb radideladommunication or other
equipment. On the other hand, the Directive also governghaunity of equipment to
interference and seeks to ensure that the equipment is stotloied by radio emissions
normally present in the surroundings. The most commonlyptedhastandards originate
from Comité International Spécial des Perturbationsi&&ldctriques (CISPR) which is
a part of IEC. These standards cover several different amsshe specific standard that
apply to a certain product is often adapted directly by theufecturer to facilitate com-
pliance with the EMC Directive. An example is CISPR 25 (Véds¢ boats and internal
combustion engines - Radio disturbance characteristianitd.and methods of measure-
ment for the protection of on-board receivers) which is usgdeveral large automotive
companies [65].

As a part of the growing concern of electromagnetic fieldsBEhepean parliament have
published directive 2004/40/EC which aims at protectingk&os from adverse health
effects resulting from exposure to non ionizing electron&y fields. The directive con-
tains minimum requirements concerning electromagnetidsfiewhich employers in the

member states of the European Union must fulfil 30th of Apdil2. An example of an

area of application is a car which is considered an workingrenment for many, thus

shall directive 2004/40/EC be applied. This gives the needHe automotive industry
to carefully interpret and take the appropriate measuresssary to follow this directive

[1]. All'in all, these new directives in combination with tiggowing electrification and

increase of converter power density are the major reasomyestigating new methods
that can minimize EMI from switched DC/DC converters.

One of the most widespread semiconductor models used farlaion of analog cir-
cuitry is the SPICE model developed at Berkeley in the mid0l®&ince the relatively
recent introduction of semiconductors with a high voltagediing capability, and the
widespread usage of switched power converters and elécivies, the use of SPICE as a
modeling language can be considered to be insufficient. iShiginly due to deficits in
the original semiconductor models that are not adaptedwosteictures and properties
present in modern power semiconductors, but also due twthnelex nature of switched
DC/DC converters.
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1.2 Objectivesand Scope of Thesis

Accordingly, it would be useful to develop a simplified powd®©SFET model suited for
switched power applications that can be used for deteriomatf voltage and current
waveforms during a switching event. The model shall be saffity accurate to be able
to give a rough estimation of the EMI. Moreover, it would beyweseful if the simplified
model can be used for designing a controller adapted foreagtaite control. By control-
ling the gate of a MOSFET, more EMI-friendly currents andtages can be obtained.

The usage and implementation of many earlier developed Is\ochn in some cases be
very complex, require long simulation and have a complitgtecedure of parameter
extraction. In view of this, the objective of this thesisasabtain a simple model and to
verify the results to the greatest extent possible. The tsqateposed and evaluated in the
thesis is designed with simplicity as the main cornerstéméhe section below follows a
list of contributions that this thesis comprise of.

1.3 Contributionswith Present Wor k

1.3.1 MOSFET Modeling

A simple system consisting of a MOSFET as a switching eleraedta resistive load
was implemented as a state-space model. This system, imglinek newly derived MOS-
FET model with particular focus on the nonlinear internglators, was used to derive
controller parameters intended for active gate control.

¢ A simplified model of MOSFET’s adapted for switching apptioas.

e The validity of the model is investigated with focus put tleage of the model as a
help for circuit analysis and controller design.

1.3.2 Active Gate Control

Active gate control reduces the high frequency contentspulaed signal by applying
smooth transitions. This part of the thesis is based on aqusly performed work per-
formed by Henrik Holst and Pravin Futane at Chalmers Unityeo$ Technology, see [2].
The contributions with this thesis are:

e Better digital generation of a sinusoidal waveform thasad a reference for the
controller circuit.

e Controller design based on an analytical approach.
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e Problems that comes with a variable supply voltage are leanaly controlling the
drain current instead.

e Implementation of an adaptive controller structure withapaeters based on the
proposed MOSFET model in the simulation environment.

1.3.3 Double MOSFET Switching

The principle of double MOSFET switching was investigatédia early stage of the
thesis. The final result was however slightly out of scopetlier final conclusions, the
results are consequently presented in Appendix C.

1.4 Outlineof Thesis

Chapter 2 of the thesis acts as a background and covers theahyroperties and de facto
standard models of diodes and MOSFET’s as well as how EMIneged in switched
DC/DC converters together with methods for reduction.

Chapter 3 investigates the deficits of the de facto standadkets presented in Chapter 2.
The physical and electrical properties of MOSFET’s are mestband act as a base for or
a new type of MOSFET model. The model is verified, simulateell as measurement
results are presented.

Chapter 4 introduces the concept of active gate control amdthe previously derived
MOSFET model can act as a base of parameter derivationschfger also discusses
state space modeling, linearization of the system and htfereint methods can be used
when designing a suitable controller.

In Chapter 5 the theory covering active gate control is rzedli Simulation and measure-
ment results are presented and from the results concluarerdrawn.

1.5 Publications

The publications originating from this licentiate projeain be found in Appendix|C and
are summarized below.

| J. PaixaoA. Karvonen, J. Astrom, T. Tuveson, and T. Thiringer, "EMI Reduc-
tion Using Symmetrical Switching and Capacitor Controlbpshed at2008 Asia-
Pacific Symposium on Electromagnetic Compatibility in aagfion with the 19th
Intern. Zurich Symposium on Electromagnetic Compatihiingapore, 2008.



1.5. Publications

Il A.Karvonen, H. Holst, T. Tuveson, T. Thiringer, and P. Futane, "Recductf EMI
in Switched Mode Converters by Shaped Pulse Transitionslighed aSAE World
Conference 20QDetroit, Michigan, USA. Copyright SAE International, ZQ0
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Chapter 2

Semiconductorsand Converters

2.1 Component Background

Semiconductor devices with current ratings over 1A are lysteferred to as power semi-
conductors. The most significant properties of these dsware their ability to handle

large currents and high voltages. Blocking voltages of sieVices range from a few
volts up to 10kV and the current handling may range up to sg¢teousands of amperes.
One property that many of these devices have in common, iggbef silicon as semi-

conducting material. Silicon is a material with well knowraterial properties and it is

used in a wide range of areas. The manufacturing processkaséfined during the last
decades which have resulted in a large number of manufalcsilieon devices with very

low production costs. However, silicon has a considerabfecid when large powers are
to be handled; the breakdown field strength of the matergplires a considerable wafer
thickness in order to achieve sufficient voltage handlingatélity. Since the thickness of
the semiconducting material is the most important factat tontributes to the overall
losses in the device, the possibility to use a thin wafer @astidongly evolve power semi-
conductors even further. Recent research has showed tvanagerials such as silicon
carbide (SiC), gallium nitride (GaN) and diamond (C) hasssabtially improved mate-

rial properties in relation to silicon. Due to the early stag the development of these
materials, several problems must still be mastered; Si@wiight be one of the most
promising new materials, faces problems with cost-effecfiroduction of high-quality

SiC wafers[[3]. At the time of printing this thesis, silicanstill the main material used in
power semiconductors. Hence, this thesis only focusedionrsdevices and their usage.

2.2 Thepn-Diode

The pn-junction is undoubtedly the most important builditack in the majority of mod-
ern electronics. Most semiconductor devices are made oé $ama of pn-junction, thus

7
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a thorough understanding of its physical properties is sy for deeper understanding
of more complex devices such as diodes and transistors. Wpeatoped material and an
n-doped material is brought together, excess electromein4doped material will diffuse
into the p-doped material. Equilibrium will be reached whtre electric field due to the
built up net charge balances the diffusion of electrons tdvilae p-region. The electric
field also gives rise to a potential drop across the two reggiatich often is referred to
as the built in voltagel(,;) of a pn-junction([3].

Two of the most important mechanisms that can not be neglectethe generation and
recombination processes in the depletion layer and thamawihé breakdown of a reverse
biased junction. In a reverse biased pn-junction, no ctigan flow through the junction
due to the reverse bias. However there still exits a depidtiger with an electric field
in which a net generation of electron-hole pairs will be grg The freshly generated
electron-hole pair is immediately separated due to theenfte of the electric field, i.e. a
reverse current will flow. Applied external voltages gredlen the built in voltage gives
a reverse bias current density that approximately inceepsaportionally to the square
root of the applied voltage [3]. Since the reverse currentifig through the pn-junction
is dependant on the carrier generation rate, the reversentshows a temperature depen-
dence. As the temperature of the device increases, theseegarrent will also increase

[4].

If the pn-junction is forward biased, the same discussiontwa applied as for the re-
verse biased junction. The applied external voltage giigesto a depletion region that
decreases in width as the voltage increases. For low vafube dorward voltage (),
the recombination is dominant. At higher values of the aapforward voltage, the cur-
rent through the pn-junction predominantly consists offaugion component. The total
current through the diode also shows a strong temperatyrendant, i.e. if the temper-
ature increases both the recombination current and thesffi current increases. The
recombination current increases due to increased cafdgnie and intrinsic carrier con-
centration. The diffusion current increases due to tentperaependant diffusion coeffi-
cients, increased carrier lifetime and increased caraecentration [3].

Since electrons are moved within the crystal lattice bo#htduhe influence of the applied
electric field and due to the charge that is stored in the dvadaken it is forward biased,
the diode can also be seen as a capacitor. In general, theliode capacitance;'p,
consists of two terms; the depletion capacitar€g énd the diffusion capacitance’y).
The depletion capacitance originates from the accumulaticharges in the space charge
region and its varying width. Lindef [3] states that the @#ph capacitance for a pn-
junction varies according to

8



2.2. The pn-Diode

ND + NA)(‘/bz - Vapplied)

Note that when the applied voltag®,f,...;) approaches the built in voltagf), the
space charge region becomes very thin which consequendyg gidepletion capacitance
that goes toward infinity which also can be seen in Figure 2.1.

C,(V) = \/ X e0NpNa 2.1)

The diffusion capacitance depends on the gradient in th&ecaroncentration and the
applied voltage. If a change in the junction current is akithe stored minority carriers
close to the space charge region must be removed. This casémibled with a capacitor
in which charges have to be moved. If these two mechanismsusmened up and the
total capacitance,p, is plotted as a function of the applied volta@g, the total junction
capacitance is shown in Figure 2.1.

I

Fig. 2.1 Total parasitic capacitance for a pn-junction diode.

The capacitance of a pn diode is frequently expressed asctidarof the zero bias ca-
pacitance(’;(0), which is also term featured in the simulation language &IC

2.2.1 Modeing of the pn-Diode

The simplest semiconductor modeled in SPICE isghgunction diode. Originally, it is
based on the well known shockely equation

v
Liioge = Is {exp <VD) - 1} — Lgiode = Is {exp (%) - 1} (2.2)
t

that describes the current through an ideal diode[ I0 (ZR2)s the saturation current
(often referred to as the maximum reverse bias curréft)s the voltage over the diode
andV; is the thermal voltage. For adaptation to SPICE, an emissi&fficient,N, is
introduced to model the ideality of the pn-junction. Als@aaallel conductancesM I N)

is inserted to help converge problems.
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Idiode = IS {€$p <_NVDV) - 1:| + VDGMIN (23)
c Ve

The emission coefficient is an ideality factor that variesrirl to 2. A higher emission
coefficient indicates on a higher rate of recombination ofiees in the depletion layer.
For a good diode\ equals 1. Whel, is smaller than-5nV;, SPICE uses the assumption
that the leakage current through the junction equals thersevsaturation current, hence
is (2.3) simplified to

Liiode = —Is + VpGMIN. (2.4)

To model the breakdown voltage of the diode, the SPICE pasrB¥ is introduced.
The current in the diode once the breakdown voltage has lesmhed is modeled with
exponential behavior and can be expressed as

M) BV] , (2.5)

14 =
v, v

If these three equations are combined, the diode charstitershown in Figurg 2.2 is
obtained.

Idiode = _IS |i€xp <_

Exponential Slope of ) Shockley Static DC
Breakdown | GMIN  i'»p  equation diode model
GMIN
—_
s :\ >V, o— —o
:v\ é D
: : —
é V.=BV \V,):—5n v, P
s s + 1, -
: : u
Vo

Fig. 2.2Diode characteristics split into three regions (left) ane €quivalent DC-circuit for the
diode (right).

In addition to the current generator shown in Figure 2.2 reeseesistanceRS) is often
added. The purpose of the resistance is to model the resgstarthe connecting wires,
the ohmic contact resistances and the ohmic drop in the geasial regions. This resis-
tance causes a reduction in the internal diode voltage wjives a decrease in the current
through the diode. This gives the need of a higher voltagelivet the desired forward
current () which results in higher power dissipation.

10



2.2. The pn-Diode

This model provides a good modeling of the entire static eiotdaracteristics. How-

ever, it has two major deficits; it does not take high levekdatijon into consideration

and it does not include any dynamic effects. High inject®a iphenomena often found
in power semiconductors such as PiN-diodes and IGBTs. FoPiN-diode, numerous

more advanced models that takes high injection into coraiide have been developed,
see Section 2.4.4.

In order to obtain a better dynamic model designed for teamigipplications, eg. a switched
mode power supply, the diode capacitance is added to thelnse@eFiguré 2]3.

v,
—____
O —
1,
L _
\D_/

il
VI)

Fig. 2.3Diode large signal model with dynamic effects.

As the physical interpretation of the diode capacitancgesty (', can be divided in two
parts; thediffusion capacitance’;, and thedepletion capacitanceSPICE interprets the
depletion capacitance as

C;(0)

1 o Vapplied
Vi

C; = (2.6)

whereV,,i;.q iS the applied junction voltage,;(0) is the junction capacitance at zero
applied bias (also known as the SPICE param&#d) and V;,; is the built-in voltage
which equals the potential difference between pheaterial and thex-material at zero
bias. The diffusion capacitance is according to Masso®jiofodeled as

L prgerhT 2.7)

whereN is the diode ideality coefficient found in Equatidn (2.3) anb is a SPICE pa-
rameter that describes the transit time for the carriemutin the diode. The total junction
capacitance(’p, can be calculated from the total stored charge and can goesdy be
expressed as

11
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_dQp  d(Q; + Qq)

Co="v = v (28)
Using the total stored charges, the total capacitance cdefoeed as
dQp dIp V"
FCV, e 1—— 2.
V < FCVy; Cp G i + CJo ( ‘/bi) (2.9)
dQp dlp CJO mV\ "
V>FCV, : (Cp=—=TT— Fs — 2.10
= b D qv a7 + 7 ( 3 %i) ( )
wherel’, F, and F; are SPICE constants defined as
‘/E)i 1-m
F = 1-(1-F 2.11
1= - (1-(1-FC)™") (2.11)
F,=(1—-FC)'™ (2.12)
F;=1-FC(1+m) (2.13)

To summarize, the SPICE model parameters for simulatirgglacale behavior consists
of five different parameters needed to describe the tota@aamce”H, namelyT T (Tran-
sit time), CJO (Zero bias junction capacitancd)] (Grading coefficient)VJ (built in
junction potential) andFrC (Coefficient for forward-bias depletion capacitance).tker
reading can be found inl[6] [7} 5].

For any type of pn-diode, the main operation principle igdtipn of minority carriers
into the depletion region that causes charge storage ahtbdace node located at the
boundary between the the regions. For a practical pn-dibéey-region is usually much
more heavily doped than the n-region which usually is dethbtep™n. The fundamental
charge control equation for a pn-junction diode which st#tat the diode current supplies
holes to the neutral n-region at the rate at which the stonadge increases plus the rate
at which holes are being lost due to recombination. Thidicelahip is usually termed as
the quasi-static model.
Qp |, dQp

Ip(t) = — Tt (2.14)
It has been shown by Tserig [8] that the excess carrier disiwibprofile in the vicinity of
the pn-junction as the diode is being turned-off dependbemndte of change of the stored
charge. If a lowlQ /dt is present in the diode, the quasi-static charge equate€gquate
since the stored charge in the depletion region also becap@®ximately zero as the
charge in the node at the interface becomes zero. Howeehighd@/dt is present, a
substantial amount of stored charge still remains in théetiep region even though the
charge concentration at the interface has decreased tolzesdhis excess charge that

12



2.2. The pn-Diode

causes the behavior of the reverse recovery current. Cetoggge in the depletion layer
is not modeled by SPICE, hence the sudden increase and shappyior of the diode
current at the moment when the charge node at the interfaceries depleted, see Figure
[2.4 for a comparison between SPICE and real behavior ragatte recovery current.
Another deficit in SPICE is the lack of forward recovery mawlg! Forward recovery is
explained in Section 2.4.2 and needs to be modeled by morpleemodels as explained
ine.g. [9].

/Spice Response

4
o
H
H
H
H

Real Response

Fig. 2.4 Comparison of typical current reverse recovery wavefomms fSPICE and real measure-
ments

To overcome the problem of more accurate diode modelinggrakdifferent techniques
have been proposed. One of them is the lumped charge modelrihimally was devel-
oped by Linvill [10] in the late 1960's. It uses lumped elenseto represent the paths
through which charge will flow in a semiconductor device; thte and amount of the
charge-flow are governed by the hole concentration, théreleconcentration, and the
voltage. As the concentrations cannot be measured ekdbfrithe lumped elements can-
not be deduced from measurements. However, by using naedaliole and electron
concentrations, the lumped elements have the dimensioogradnt and charge, which
can generally be measured electrically.

The lumped charge method basically considers the semictorddevice as being com-
posed of a number of elementary lumps, each lump having turent nodes associated
with it. Into these nodes and out of them, displacement atirkele current, and electron
current flow; currents that are supposed to flow from one luon@nbther. The currents
are proportional to differences in potential, and to défeses in electron and hole con-
centration.

The number of lumps can be increased indefinitely and theracgwf the lumped model
can be made to approach that obtained using a distributadagp In order to reduce
the complexity of the model, a small number of equations edushich means that the
model is made from a small number of lumps. By applying theghatorage nodes at
the right places in the junction, the lumped charge modetgiise to the exponential

13



Chapter 2. Semiconductors and Converters

law that governs the diode current as a function of the agpladtage [11]. The lumped
charge technique is further investigated in Sedtion 2.Adrevit is applied to power diode
modeling.

2.3 The Schottky Diode

When two dissimilar materials are joined together, suchmagtal and a semiconductor,
a dipole charge will arise on the surface of the junctionsTdunstruction gives rise to a
similar behavior as a pn-junction; hence, diodes can be faatwred using this principle,
see Figuré 2]5. These types of devices are known as Schatittgsd A diode consisting
of a Schottky barrier is commonly referred to as a majordyrier device since only
majority-carriers (most commonly electrons) are used alihsic operation principle.
The majority-carrier operation is a major difference bedwéhe regular pn-diode and the
Schottky diode since the pn-diode uses both majority andrtyncarriers for the basic
function.

| Cathode

Fig. 2.5Cross-section of a power Schottky diode with guard ring fghér blocking voltage abil-
ity.

A Schottky diode is commonly made by evaporating a suitaldtahonto the surface of
an nn-epitaxial structure. Figure 2.5 shows the physical stmgcbf a Schottky diode
with a guard ring that increases the blocking voltage cdipyabihe main operating prin-
ciple for the guard ring is to reduce the curvature of the eleph layer from the metal-
semiconductor interface and to widen the space chargerregithe semiconductor sur-
face. A larger curvature of the depletion layer reduces tress caused by high electric
fields.

The main advantages of the power Schottky diode is the lowdnt voltage drop and
good switching characteristics. However, due to matergperties of the Schottky struc-
ture, the reverse blocking voltage is somewhat limited.hvgitoper material selection
and field terminations (a p-region surrounding the metalhiotact) the blocking voltage
can reach up to 250V. Also, the reverse leakage current tsehifpr a Schottky diode
compared to a pn-diode with the same physical structure [4].

14
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2.4 ThePiN-Diode

When dealing with high voltages, and above all high currants of significant impor-
tance to reduce the internal resistance in the diode in doderduce the power losses.
A regular p n-junction requires a smaller device thickness for a givatage class com-
pared with an np-junction with same geometrical structure; a p-doped nateeeds
lower ionization energy before avalanche breakdown ocduris is an important mate-
rial property that makes'm-junctions more suitable for high power applications sitie
power losses in the material approximately increases Wwétstjuare of the device thick-
ness. However, metallic contacts to n-layers with a dopavell of less thari0!® cm3
generate high contact resistance which makes timejpnction unsuitable for high power
applications. To overcome this problem, a lightly dopedaegs added to the structure.
When such a device is forward biased, the middle region isydvdriven into high in-
jection, i.e. the charge of the doping atoms in theragion no longer contribute to the
overall charge balance. This means that the behavior of tdlenregion is almost as if
it was undoped, hence the acronym PiN (where | stands fonant).

If a PiN-diode is forward biased, the potential barriersaatrgjunction will be lowered. In
the n—region (intrinsic), holes will be injected from the pjunction due to the forward-
bias. At low levels of injection, the thermal movement ofattens in the intrinsic region
neutralizes the injected holes. However, as the injecticreiases, the space charge will
be large enough to start attracting electrons from theegion which gives an injection
of electrons from the Tn™-junction. Since the injected holes in the-negion cannot exit
via the mn*-junction; all carriers must recombine in the-region. The same analog
statement also applies for the entry of electrons. This awmnas Hall's approximation
and states that recombination, generation and regeneiattbe emitter regions and de-
pletion layers are neglected; hence the current throughjeaction is only supported by
holes and electrons respectively. The intrinsic regionriiged into high injection mode
even at low forward bias levels which gives a quasi-neutriature of charge particles.
This mixture corresponds to the physical definition of plasm

2.4.1 Conductivity Modulation and On-State L osses

In low power applications, the voltage drop over a diode isa¢dp the junction voltage
which can be regarded as a constant voltage. This givesdhatdilicon device a total
on-state power loss that equals the current through thedioges 0.7V. However, in high
power applications the recently mentioned approximatiah seriously underestimate
the losses since it does not comprise the power dissipatithreidrift region of the power
diode. If a case is studied where the device is operatingeiadststate and the carrier
densities in thermal equilibrium are considered, the r@astate losses might be much

15



Chapter 2. Semiconductors and Converters

lower in real life. This has to do with the fact that minoritgrders are injected in the drift
region, so called conductivity modulation occurs whichl@asely linked to the definition
of plasma. At the pn—-junction, holes are injected into the drift region (n-baJée in-
trinsic region is easily driven into high injection mode whiattracts electrons from the
n—n*-junction that recombine in the intrinsic region, see Fagi?.6 and 217 for plasma
concentration profiles.

The most common way of reducing the on-state losses is byngdke lifetime large
enough so that the diffusion length,(L,, = /D, 7,) is comparable with the width of
the intrinsic regior¥;. If the on-state losses in a majority carrier device with panable
data such as a MOSFET, is compared with a conductivity moeldidevice, it can be seen
that the conductivity modeled device shows much lower atestoltage drop. However,
another fact that must be taken into consideration whenragalith high power devices
is that a long carrier lifetime reduces the switching spageltd the stored charges in the
drift region. Hence, the characteristics of a semiconchddwice are often an optimization
between switching speed and on-state losses.

2.4.2 Turn-on Behavior of the PiN-Diode

As for the regular pn-diode and the Schottky diode, the tesmi®peration as the polarity
changes, is the most crucial moment for the operation arfdrpeance of a PiN-diode.
The transient process during turn-on for a PiN-diode thhgigl switched (i.e. the diode
is used as a freewheeling diode where the current momenissivitched from the load
to the diode) is a very common application in switched poviecteonic circuits.

When the diode is turned on, see Figure 2.6, the forward custarts to increase from
zero with a rate oflir/dt. The current flow causes excess carriers to be injectedheto t
intrinsic region from the hn~ and p'n~ junctions where the eventually diffuse into the
middle. Initially, the ohmic losses in the intrinsic regiare rather large due to the lack of
injected excess carriers but as the diffusion processmaedi the resistivity diminishes
and approaches the value for the steady state current.idnessised resistance causes an
overshoot in the forward diode voltage usually referredstéoaward recovery. Note that
the maximum overshoot is dependent on the rate of currenéasedir/dt; a higher
derivative gives a larger overshoot both due to parasitiadgtances in the package and to
the resistive drop [4].

2.4.3 Turn-off Behavior of the PIN-Diode

As for the regular pn-diode and the Schottky diode, the tesmi®peration as the polarity
changes, is the most crucial moment for the operation anfdnpesince of a PiN-diode.
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Fig. 2.6 Turn on-process for a PiN diode.
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The transient process during turn-off for a PiN-diode tkdtard switched (i.e. the diode
is used as a freewheeling diode where the current momenissivitched from the load
to the diode) is shown in Fig 2.7.

At t = ty, the voltage over the diode changes polarity from forwardegative bias mo-
mentarily. During phase ¥ to t;) the drop in diode current is very fast which gives that
this phase is very short compared with the recombinatietitife. Therefore, as phase 1
is completed and the current crosses zero, the plasma deosto@min the intrinsic region

is still high.

During phase 2t( to t,) the excess carrier concentration in the intrinsic regieegs the
diode in a conducting state. The diode current derivativeaias constant which gives a
small voltage drop over the diode. The reverse current idlithée is supported by sweep-
out of excess carriers from the intrinsic region. Electrares swept out via the cathode
contact and holes exit via the anode contact which givesid dgzrease in carrier con-
centration close to the edges in the-region, see Figurlle 2.7, phageto ¢,.

During phase 3t to ¢3) the plasma concentration falls to zero at the function due
to the fact that the initial plasma concentration is muchdpat the anode than at the
cathode. As the plasma concentration falls to zero, a deplityer starts to form which
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Fig. 2.7 Turn off-process for a PiN diode.



2.4. The PiN-Diode

also supports a voltage. At= t3, the voltage across the diode reachés,,.. and the
current derivative reaches zero.

During phase 4t to t,) the plasma concentration continues to decrease. The £xces
charge carrier concentration at the edges of the spaceechegipn that supports the en-
tire voltage in the diode must consequently also continudettvease. As a consequence,
the reverse current starts to decrease aftert. If this was not the case, the voltage and
the current would have been constant which would have givéepdetion layer with a
constant width. A depletion layer with constant width giee®verse current that is fully
supported by carrier diffusion from the plasma into the d#&ph layer, i.e. the drift cur-
rent is negligible due to the fact that no electric field isser in the plasma region. As a
reaction to the negative di/dt, the stray inductances ircitoelit builds up an electromo-
tive force that results in a voltage overshoot over the diode

During phase 51( to t5) the depleting plasma in the intrinsic region gives a cargth
current drop towards zer0d![3].

2.4.4 PiN Diode Modeling

As described in[[12],[[13] and [8] amongst others, the SPIQiel model that uses an
integral charge-control approach is not sufficient when-8ibtes are to be modeled. As
described in Sectidn 2.2.1, the behavior of a PiN-diode lmexsomore difficult to model
since the intrinsic region is flooded by a plasma that is nobanted for in the traditional
SPICE model. For this reason, several new modeling tecksifave been proposed over
the years. An extensive summary is presentedlin [8] wherditidee models are divided
into two main categories; analytical and empirical. Amdrthe analytical models that
have a physical foundation, several different modelindntégpues are represented such
as charge control modeling and dynamic charge modelingt bfdeese models require
extensive knowledge of the physical structure of the diotieckv makes parameter ex-
traction a complicated procedure. However, models thabased on the lumped charge
concept by Linvill [10] shows a rather simple parameteraotion technique which sig-
nificantly extends their everyday usage for an engineerdésigns switch mode power
supplies.

As described by Lauritzen and Ma [14,/9/ 15] a model of the &idbde can be derived
using the lumped charge technique. When considering a Ritledit can be assumed
that the intrinsic region is operating in high level injecti The original charge control
diode model available in PSPICE employs only one chargagéonode. When the charge
stored in that node becomes exhausted during reverse dunguihie diode instantly
switches to the reverse blocking mode. In actual diodegrsevrecovery is caused by
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diffusion of charge from the center of the i region; thus, enenore additional charge
storage nodes must be added to provide for this diffusioreatirIn [14], four charge
storage nodes are implemented in the intrinsic region ofPihediode. The total diode
can be described by

iy = (QE;M(]M) (2.15)
dgve — qur (C_IE - CJM)
_ M 2.1
qp = IsT [mp <Lp”“ed) — 1} (2.17)
nVT

whereqz is the charge located close to them and the pn—junctions,q,, is the charge

in the nodes in the intrinsic region and, is the transit time across the same region.
The carrier lifetime due to recombination in the intringgion is considered by the time
constantr and/g denotes the diode saturation current as used in SPICE. Nett€X. 17)
describes the relationship between the current and voftagbe p n—-junction, but in
order to get the charge injected, the current is multipliéth w which represents a time-
constant.

Further details of the lumped charge models are present8ddtior 3.2.3 where results
from simulations can be found. For the interested readethdu reading and thorough
explanations of the models using the lumped charge priacigh be found in[14,9, 15].

25 TheMOSFET

The Metal Oxide Semiconductor Field Effect Transistor (MKES) is one of the mostim-
portant devices in modern electronics. Due to its improwgdent and voltage handling
capability, the vertically diffused double MOSFET (VDMOS8ansistor is used when
handling higher voltages and currents, see Figure 2.8.tyh& of geometry lowers the
on-state resistance and reduces the lateral size of theawnf the reduced lateral size
makes it possible to connect several elements in parallfi@same wafer which lowers
the conduction losses even further.

The area in which the inversion channel is formed is oftearretl to as théody region
Also note the overlap of the gate electrode overrtheegion which often is referred to
as thedrift region. This overlap serves two purposes; the first is to create @amaalation
layer in the drift region to reduce the on-state resistasee Sectioh 2.5.3) and the second
purpose is to act as a field plate electrode to reduce thetcuevaf the depletion layer in
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Fig. 2.8 Schematic structure of a vertically diffused MOSFET.

off-state and consequently also increasing the blockitigge capability.

An unwanted feature of the most common MOSFET structureagptlsence of a body
diode. The difference in geometry between the power MOSHitlTtlze regular MOSFET
ought to eliminate the presence of the body diode due to thestipicture. However, to
reduce the risk of turning on the parasitic BJT-transidtog, metallic source electrode
that covers the"-region is lengthened to also cover the body region in ordetain
a short-circuited base connector on the BJT, see Figurérs®me switch mode power
supply applications, the body diode might be an unwantecbomant, but it may also be
of great importance in e.g. full bridge switch mode supplvés inductive loads where it
acts as a freewheeling diode.

25.1 Operating Regionsfor the Power MOSFET

When a small positive gate-source voltage is applied, ordgg@etion layer is formed
and the device is found to be in the operating mode known asuhehreshold region.
This region is of particular interest for low voltage, lowvper applications such as digital
logic circuits where even a very low leakage current canrdaute to eg. increased losses
due to the large quantity of MOSFETSs operating together imdem digital logic circuit.
The subthreshold region is not treated further in this thesi

As the applied voltage reaches above the threshold voleagaong inversion layer is
starting to form. This accumulation of minority carrierslive p-material gives a free path

for the current to flow from drain to source. Not that the sgramversion layer often is
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very thin (1-10nm) and followed by a layer of weak inversitina small drain-source
voltage is applied, a current will start to flow from drain twusce. The created inversion
channel now acts like a resistor, i.e. the drain currentepgrtional to the applied drain
voltage. If the gate-source voltage is increased, the drbee channel is increased; hence
a lowered resistance is obtained. The MOSFET is said to beatipg in the linear region;
i.e. the drain current is proportional to the applied gaterse voltage. Figure 2.9 shows
the current voltage characteristics for an ideal MOSFET.

~.
S}

ohmic active

7 Yt

AR 2
A
v

VGS4

linear :
[ —

_.'. — (Vos=Vesun) = Vos
Vs~ Vs

VU.SJ

Vés2

VGSI

»
»

VDS

Fig. 2.9Circuit diagram for a MOSFET model with constant drain-seuresistance for imple-
mentation in Matlab.

If the drain-source voltage is increased from a low value, pbtential at the drain is

no longer neglectable compared to the gate voltage. Aloaddimed channel the volt-

age potential is successively decreasing. The new redumteatial at the drain end of

the channel gives a decreased inversion charge and comslyqaiso a reduced chan-

nel width. This reduction in channel width produces the emeccurvature in the ohmic

region in Figuré 2)9. When the applied voltage at the drasoitarge that the inversion

layer at the drain end becomes zevp {=Vs-V;1,), the so called pinch-off point has been
reached. The electron concentration at the drain end ohifwenel area becomes very low
since only a depletion region will exist. Note that the existe of only a depletion region

is no barrier to electron flow; the electric field pulls elecis into the drain. The MOSFET

Is now operating at the onset of saturation [16].
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2.5. The MOSFET

2.5.2 Internal Capacitances of the MOSFET

When using a MOSFET in power electronics applications, thégching behavior is one
of the most important parameters. When a gate-source eoltsagpplied, charges will
built up in the semiconducting material; hence a capacstbeing created. These capaci-
tors are an unwanted feature of the MOSFET and of great irapoetin switching mode
applications. The main parasitic capacitors are showndorgi2.10.

Gate

ource ource
S c, C S

p—
Cdepletion

channel channel

o~

Drain

Fig. 2.10Schematic structure of a vertically diffused MOSFET.

The internal coupling capacitances vary strongly with theli@d voltages and depend on
different physical properties. They can be divided int@&major parts.

The gate-source capacitan€®,§) mainly constitutes of two parts. The first part is formed
by the capacitive coupling between the gate electrode ansidtirce electrod€,,). This
capacitance is geometry dependent and does not vary witpgiieed voltages. The sec-
ond part is voltage dependent and can in turn be divided imetseparate subdivisions.
The first subdivision is the major contributor and consigtthe gate oxide capacitance
in the channel regionQ...0e1)- The second subdivision is the diffusion capacitance in
then™-region which originates from the gradient in the carrien@antration and depends
on the applied voltage. If a change in the junction curreuleisired, the stored minority
carriers close to the space charge region must be removelcain be resembled with

a capacitor in which charges have to be moved, hence the ndiugiah capacitance.
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The third subdivision is the spread of the space chargemegithe drift region. All con-
stituents are connected in parallel which results in arrmatecapacitance that does not
only vary with the applied gate-source voltage but also i resulting drain-source
voltage.

The drain-source capacitanden) is independent of the gate voltage, but is dependent
on the applied drain-source voltage. It originates fromdepletion layer capacitance in
the drain-sourcen-junction and can be divided into two parts; the depletigmacitance

(G;) and the diffusion capacitanc€(). However, in the internal MOSFEpn-junction,

the diffusion capacitanceC() is negligible; hence the drain source capacitance is manly
made up of the depletion capacitanck) [17].

The gate-drain capacitandédp) is perhaps the mostimportant parameter that determines
the switching characteristics of a MOSFET. Simplified, ih d@ seen as the field oxide
capacitance Ged—oxide) CONNected in series with the depletion capacitaf@e,fion)

in the drift region. The depletion capacitance shows a gtrmitage dependence since
the drain-gate voltage varies strongly. As long as the MOBIBEurned off, the voltage
across gate-drain is high which gives a large depletiorrlagd consequently a low gate-
drain capacitancedgp ~ Cgepletion). AS the MOSFET is turned on and operating in the
linear region, the voltage across it is low, an accumulatger is present under the gate
electrode. The gate-drain capacitance is then dominatdtiebfield oxide capacitance

(CGD ~ Cﬁeld—oxide) [31 .

253 TheMOSFET in conducting State

For high voltage and high power applications the conductitage of the power MOS-
FET is of great importance since it is tightly associatedwlie dissipated power losses.
The main conduction losses are usually determined from mh&tate resistance termed
Rps(n) and is mainly made up of the terms presented in Figure 2.11.

As Figure 2,11 tells, the on-state losses are determineé\mral different terms. These
terms can be seen as 6 separate elements connected in degiestiae total resistance
can be calculated according to

RDS(on) (t> = Ry + Renannel + Rirppr + Rdm’ft + Rarain (218)

where R,,+ is the lateral resistance of thesource and the contact resistan&®, e

is the channel resistancg,.. models the accumulation resistance (the region where the
electrons leave the MOS channel region and enter the dgiomg, R ;»rr models the
JFET effect,R4;;» models the drift resistance, arft};,.;,, models the resistance in the
drain region. The physical origin of these elements can bsidered out of scope for this
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Fig. 2.11Structure of the on-state resistance for the power MOSFET.

thesis, the interested reader can find a thorough explaniat{8]. How the total on-state
resistancel ps.,) is divided between the enumerated elements depends on lthgevo
class of the component, see Tablg 2.1.

Table 2.1 Typical contributions of the resistance compten? pg on)-

Component VBTeak:doum(DS) =30V VBreakdown(DS) =600V

R+ 6% 0.5%
Rehannel 30% 1.5%
Roce + RyppT 25% 0.5%
Rarift 31% 97%
Rdrain 8% 0.5%

For a low voltage MOSFET (30V), the channel resistance isadriiee main contributors
to the total on-state resistance. As the blocking voltageemses, the effect of the chan-
nel resistance and the JFET effect diminishes. For a higlhgeIMOSFET (600 V), the
on-state losses is almost entirely made up of the drift tast® due to the large device
thickness|[3].
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254 Turn-On Behavior of the MOSFET

A common application for a MOSFET is when it is used in a configjon together with
an inductive load and a freewheeling diode, a typical schierothis circuit can be seen
in Figure[2.12. A pulsed voltage, with high current delivering capacity is applied to
the gate terminal which forces the MOSFET to turn on and cfbeetively.

-0

Fig. 2.12Test circuit to analyze switching behavior of a MOSFET.

For simpler understanding, the diode is assumed to haveazerery small reverse re-
covery time, i.e the diode does not build up any plasma orgmteuble injection mode
during the conducting phase. This can be a quite realissieraption if the application is
intended for lower voltage, hence a schottky diode can beeapd he turn-on character-
istics can be seen in Figure 2113.

At t = 0, a positive voltage is applied to the gate terminal. The gihgrof the internal
gate capacitances starts and the gate voltage increasg dloei interval, < t < ¢; can
be described according to

UGS(t) = VGS(OH) (1 — €xp <_ RG<CGSt+ CGD))) (219)

wherevg ) is the applied voltagei is the gate external and internal resistance, and
Cas andCgp are the lumped gate-source and gate-drain capacitangestiosly.

At t = t;, the gate voltage reaches the threshold level and a drantescourrent can start
to flow. The drain source current is starting to build up in W@SFET. As long as the
entire current has not commutated to the diode, it will renfarward biased and carry a
current. The commutation will not be over until the currédmbugh the MOSFET reaches
the inductor current and the diode will become reverse HiaBee voltage over the MOS-
FET will be equal to the sum of the DC resistance voltage aad/titage drop over the
stray inductance in the MOSFET. As long as the voltage ovaindsource is relatively
high, the gate drain capacitanagp), which mainly consists of the depletion layer ca-
pacitance, will be much smaller than the gate source capaat(';s). This means that
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Fig. 2.13Turn-on diagram of a MOSFET.
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the voltage over the drain source will not have a significdfeice on the gate voltage.
Also, the current to the gate charges boty, andCgss.

At t = t,, the commutation process is completed and the MOSFET igingrthe total in-
ductor current which implies the start of a plateau on the gatirce voltage. This plateau
comes from the conditions set by the inductor and the diote.ifiductor is assumed to
be so large that the total current during the turn on processistant and the diode is
assumed to be ideal, i.e. it does not produce any reversentyoeak during turn off. The
drain current does not increase any further which gives @@lain the gate-source volt-
age. This plateau also forces the gate current to only chthgggate drain capacitance.
If this capacitance would have been constant, the deravatith which the voltage falls
would have been constant and only determined by the gatertduithis is not the case
since the gate-drain capacitance increases with decgpasitage; the derivative afpg
decays with time, i.e. the voltage softly drops towardstiégagy state value.

At t = t3, the drain source voltage has fallen to such a level that t&&NMET no longer
is operating in the saturated region. In order to still supgee current, the gate voltage
is being increased. The drain source voltage is now at sumh @bltage level that the
change in gate capacitanagé{s andCsp) will only be determined by the change in gate
potential. Hence, a small value of the total gate capacitdfies and Cp) will result

in a faster decrease of the drain source voltage. When tleevgéthge reaches the final
value (/z(on)), the turn on process is completed.

25.5 Turn-Off Behavior of the MOSFET

With the circuit shown i 2,12, the turn-off process of the BEET can also be analyzed.
When the MOSFET is turned on and carrying the full inductorent, a turn off process
can be started in order to commutate the current to the dibide turn off process of a
power MOSFET transistor is shown in Figlire 2.14.

Beforet = 0, a positive voltage is applied to the gate terminal, theakeid fully conduct-
ing. At t=0, the gate voltage is suddenly decreased to 0 V. The disclo@rtpe internal
gate capacitances starts and the gate voltage decreasg theiintervak, < t < ¢, can
be described according to

UGS(t) = VGS(OH) (1 — €xp <_ RG<CGSt+ CGD))) (220)

whereVg o) is the applied voltagef; is the gate external and internal resistance, and
Cas andCqp are the lumped gate-source and gate-drain capacitangesctiogly. Note
the obvious similarity to[(2.19) that sets the increase efghte voltage during the early
stage of the turn-on process. The time constant found in¢heminator differs though,
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Fig. 2.14Turn-off of a MOSFET. The diagram shows curves of the draimeniipg, the drain-
source voltage ps and the gate source voltages.
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this due to the voltage dependency of the gate drain capaeitds long as the MOSFET
is turned on, the gate drain voltage is low which results iargd value o’ . Also, the
gate drain capacitance can this time interval be assumeel ¢toistant since the change
in gate drain voltage is relatively small.

At t = t;, the MOSFET leaves the ohmic region and enters the saturatgoh. The
commutation process between the diode and the MOSFET castarotuntil the diode
becomes forward biased. Circuit analysis shows that asdsrtbe drain source voltage
is below the DC-voltage level, the diode will be reverse bthshence no commutation
can start. If the turn off process is observed in a transfaragteristics diagram, it can
be seen that the gate voltage no longer can decrease in ordbefMOSFET to carry
the total inductor current. This gives a plateau in the gate@age. Due to this plateau, the
gate current can not discharge the gate source capacitaniog t¢his phase; the entire
gate current is discharging the gate drain capacitancehé\gdte drain voltage continues
to increase, the gate drain capacitance also shows a sudderade which gives an in-
creasing voltage derivative as the time approaches,.

At t = t,, the voltage over the MOSFET becomes equal to the DC-voltdgeh gives
a possibility for the diode to start conducting. The draiarse current is no longer con-
strained to the full inductor current, hence can the deer@agate source voltage con-
tinue. The sudden decrease in gate voltage is reflected idr#tie current, the inductor
also sees this current drop and sets up a reverse voltageékats the diode forward
biased. If stray inductances are added, a reverse voltage i when the drain current is
reduced. This voltage is added on top of the drain sourcageland its maximum value
occurs when the change in drain current is at largest, gbt aftert = ¢;.

At t = t3, the commutation process is completed and the gate voltages delow the
threshold voltage.

256 TheMOSFET modd in SPICE

The FET model in SPICE is based on physical properties of B Fe. in an ideal case,
a set of easily measurable process parameters are compiield gives a fully functional

and adequate FET model. In practice, this is often not enadmgth gives the demand of
additional electrical parameters. Hence, the parameter$&T model are often divided
in two groups; physical (e.g. gate oxide thickness) andtetat. The level 1 MOSFET

model is the original SPICE model developed in the late 1980e threshold voltage is
defined as constan¥{ O) which originates from an investigation of the device getiyne
and the ingoing materials properties such as doping leadid| derivation can be found
in Appendix[(B. When the external voltage exceeds the thiddbuel, the drain source
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current is modeled by mobility equations. The basic equdto the drain source current
if operating in the linear region is

,UWeffCO:D

IDS(linear) = I, it

(Vas — Vin)Vps — V%QS (14 AVbs) (2.21)

whereW,,; andL.;; are the effective channel width and length, respectiv@ly.is the
gate oxide capacitance,is the carrier mobility (the SPICE parametd®) and ) (the
SPICE parametek AMBDA) is a channel length modulation parameter. As seen, the
drain current in the linear region is based on external apploltages such ag,s and
Vgs, but also on the model geometry, actually the channel lefth; andL.ss). The
term ) is an introduced term that represents the separation oftheagion current above
the saturation point; indirectly it models the channel kangodulation. As the MOSFET

is being operated in the saturated region the drain cursegdggcribed as

o ,uWeffCox

]DS(saturation) - 27, ir (VGS - ‘/th)Q(]- + )\VDS) (222)

whereW, s, andL.;, once again are the effective channel width and length, otispéy.
C.. is the gate oxide capacitangeis the carrier mobility (the SPICE paramet¢®) and
A (the SPICE parametérAMBDA) is a channel length modulation parameter.

In SPICE are the charge storage represented by thee inpatitances¢'ss, Cap
and Cgare—pur - IN @ power MOSFET context is the gate-bulk capacitance gdected
since the drain is connected to the epitaxial bulk layer. Gaee-source and gate-drain
capacitances are expressed as functions of applied vs]talgennel width and operating
region. The functions are not adapted for vertically diéfdstructures which makes them
inadequate for power MOSFET simulations. Further detadgrding the SPICE level 1,
2 and 3 models can be found in [18, 5].

257 PSPICEMOSFET Models Adapted for Switching Applications

The standard SPICE MOSFET model is, as previous chapteridesgriginally intended
and optimized for lateral, low power structures. The mosticwn way to adapt the MOS-
FET model to a power MOSFET structure and to solve the proloieimadequate model-
ing during the switching process with Level 1 and Level 2 nisdeto add extra elements
that represent the different features of a power MOSFETvaugable gate-drain capaci-
tance and internal body diode.

A solution to the problem proposed by International Rectiiie. is assuming a SPICE
level 1 MOSFET model as the main component. The additionarpaters added are a
representative body diode, terminal inductances, ternn@sastances and a variable ca-
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pacitance in series with a variable voltage sourcé [84].FSgere[2.15 for an equivalent
schematic.

Gate
. "% :
SPICE Level 1 \
MOSFET Model SPICE Diode
Model

Source

Fig. 2.15SPICE model of a HEXFET power MOSFET as proposed by InteynatiRectifier

In Figure[2.15,L, Lp and Lg represent the gate, drain and source bond wire induc-
tances, respectivel\R2 is the internal series gate resistanég, is the epitaxial layer
bulk resistanceRp;.q. IS the diode bulk resistance art}; is the source lead and bond
wire resistance. The diode characteristics are repredéyta current sourcép,,.q. that
models the relationship between the diode voltage and tidediurrent. The gate-drain
capacitance is modeled by a polynomial capaditQrwhose coefficients are given in the
datasheet a8/ )" wheren is the power of the polynomial. In series with this capacitor
is a polynomial voltage dependent voltage sour€g) connected. This element has no
physical reality; it is only used to modify the voltage a@@s, in such a way that the
combination ofC'y and E; emulates the behavior 6f; in the real device. The high or-
der of polynomial curve fitting may give rise to convergenoelglems which has resulted
in a successive phasing out of this model type.

Many modern SPICE models provided by International Rectiie extracted by the com-
pany MODPEX. This model uses the same principle; a level CERIOSFET model as
a base with additional components that models the power MEDSEatures. The main
difference is how the voltage dependent drain source cepasirepresented. The current
in a capacitor can be described as
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dv.(t)
dt
whereuw, is the voltage over the capacitor antis the capacitance. By measuring the
change in gate drain voltage and multiply it with a constantanalogous capacitor cur-
rent can be achieved. In the MODPEX model, the gate drairagelis connected via a

RCD-network which symbolizes the capacitor and the derivimcfion. MODPEX ex-
tracts the model parameters through the use of an optimimgne, which varies the
model parameters to minimize the error of the model perfocedo the digitized data

sheet performance values.

i(t)=C

(2.23)

Almost all semiconductor manufacturing company has some & model, se€ [85] for
description of Siemens (now owned by Infineon) SIMPOS mofielswitching applica-
tions and([86] for SPICE models provided by Fairchild Semabactors.

2.6 EMI Generated by Switched DC/DC Converters

2.6.1 Hard Switching Converters

By definition, a hard switching converter, eg. a step dowrvedsr, is a converter in
which the switching element carries the whole input voltagd current as it changes
state at e.g. turn-on. In the beginning of a turn-on intertfad transistor begins to con-
duct which gives that the voltage will start to fall at the atime as current begins to
flow. A similar event occurs as the transistor turns off; thikdurrent starts to fall as the
voltage over it increases. In such a converter, the simmlagtof reducing EMI is by
turning the device on and off during a longer time intervabider to reducelv/dt and
di/dt. However, the simultaneous presence of voltage acrossahsisgtor and current
gives increased switching losses. The final solution of ealv performance becomes a
trade off between switching losses, EMI performance andpmrant cost. To improve
the EMI performance without having to increase the switgHosses, a snubber can be
added across the switching element that reddegdt anddi/dt of the power device.
Further reading about snubbers can be found inle.q. [19].

Tihanyi [20] states that for an hard switched converter witttansformer, the primary
causes of harmonics in the output are the leakage inductdribe transformer and the
heat sink applied to the switching element. If a heat sinksel it is often grounded due to
safety reasons and must then be isolated from the the seduictmm by a dielectric washer
since the terminal of the MOSFET that connects to the he&tisimsually connected
to the drain. This causes a high potential to be applied dweestray capacitor formed
between the drain terminal and the grounded heatsink. Tpkedpvoltage gives rise to
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the flow of a common mode current in the converter, see Flgd@ 2

TO220 Package
Insulator o
N °
Copper Sheet

Fig. 2.16Proper way of isolating a heat sink to minimize EMI

One way to reduce the problems caused by stray capacitatweass the technique pro-
posed in Figuré 2.16 where a copper sheet is used in comtriniato isolating sheets.
The copper sheet is connected to the source terminal of th 8 NED and acts as a Fara-
day shield that reduces the stray capacitance. A variami®fd proposed by IXYS and
is used in their ISOPLUB package that isolates the semiconducting material from the
heat sink. It also effectively reduces the stray capacédadhe heat sink and allows for
several semiconductors to be mounted on the same flangeN214.that the previous
discussion has only comprised of the conducted emissitssradiated emissions need
to be considered when dealing with heat sinks. Accordingelecff22], a heat sink may
affect the radiated emission of a switched DC/DC convertee electric field amplitude
spectrum at certain frequency ranges is generally enhancélae application of a heat
sink acting as an antenna which makes the antenna effetsagdo take into consider-
ation in certain cases.

Another common cause of EMI is the stray inductance and dapae of the transformer
that often is used in a SMPS, an equivalent circuit is showxgare 2.1¥. The equivalent
circuit models the interwinding capacitance@g. This capacitance causes the problem
of common mode emissions in isolated power supplies in aaimiay as for the heat
sink. One effective way of decreasing the interwinding cétpace is by applying a fara-
day shield between the windings. The shield usually comsish copper sheet connected
to the primary ground of the transformer. Note that a promemection of the faraday
shield is important; a bad connection to eg. the secondaey i the transformer can
have the the opposite effect where the conducted common nwsle measured by LISN
at the feeding end is increased due to injection of seconctarynon mode noise. The
intrawinding capacitances;r andCs are small and usually negligible at the operating
frequencies of switching power supplies and controllerarge magnetizing inductance,
Ly, causes a large magnetizing current which may lead to setoraf the transformer
core. As for inductors, saturation of a transformer willregses the magnetic-field emis-
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sion due to the higher current, gives higher core lossesirttiarn causes higher temper-
ature with the possibility of thermal runaway, and a degtiadaof coupling between the
windings. The last parameter that needs to be accounted fitvei equivalent circuit is

the leakage inductance of the primary and secondary windingand L respectively,

that creates a magnetic field between the windings. Whileesointhis field is captured

by the core, the rest acts as a magnetic dipole radiatinghéasurrounding space with
an intensity which decays as the cube of the distance. Exengiltechniques for re-
ducing the leakage inductance is interleaving the windorglsy applying a conductive
flux strap. The strap provides a path for the eddy currentsrdsalt from the leakage
inductance magnetic dipole and then creates an opposingetiaglipole which tends
to cancel the original field at close proximity to the tramefer. However, not only the
winding capacitance needs to be taken into consideratiohikidch [23] states that for
lower frequencies, the ferrite core stray capacitance hesoa significant part of total
stray capacitance of the magnetic component. Hence, thdingrarrangement may not
play a significant part in low frequency common mode curramegation. An extensive
summary of how to optimize EMI from switched DC/DC-convestean be found in[24].

c/2 C/2

. H He L

C, = L, C, 4

L) °

s !

Fig. 2.17Effective transformer shielding

In more and more modern converters, the use of planar tnanefs becomes more com-
mon. The usage has mainly two advantages, the possibilaglagving high power den-
sity and lowered leakage inductance as described in [29].rbst effective implemen-
tation of the layers is by interleaving the primary and seleop layers so that the stray
magnetic flux induced by the eddy currents is canceled. Frpr@uction point of view,

a wire wound transformer can show a large spread in the pagasfeom production run

to production run. If considering a planar transformersisignificantly more consistent
and shows repeatable characteristics [25]. In additiohig planar technology gives the
possibility of integrating a complete EMI-filter into oneraponent, as described in [26],
that also may help to enhance the EMI performance of the ctawvelowever, Chen [27]
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states that a planar transformer has the disadvantageretsed intrawinding parasitic
capacitances;'» andCy, and increased interwinding capacitan€g, The increase of
these capacitances gives rise to higher differential madecammon mode noise magni-
tude, respectively, as shown in [27].

2.6.2 Simulating EMI from a Switched DC/DC Converter

When it comes to predicting the overall performance of adwetl DC/DC converter,
several factors complicate the results and the accurackieotimulation. At first, the
most common language for simulating electronic compon&R$CE, is not originally
intended as a simulator for switched elements. As desciib8dctioi 2.4.4 and 2.5.7 re-
spectively, the performance of included models for MOSF&Ad PiN-diodes can show
significant discrepancies with real component behaviois Becomes a problem worth
considering when designing switched DC/DC convertersesihese two components are
extensively used. The second factor that contributes fecdlifies in simulation is the
large amount of parameters that affect the results and theudties to determine them.
Kyriazis [28] uses a basic approach with a model over the exderthat considers both
the parasitic capacitance in the transformer and from taediek. Once these parameters
are known, equivalent circuits over both common and diffea mode conducted emis-
sions can be performed. However, the model shows signifttacitepancies in simulation
results and measurements for higher frequencies (1Mhz)rendersatility is drastically
reduced due to difficulties in determining the parasiticacdjances in the circuit.

A more general approach for simulating EMI is proposed byrd{29,30] where a EMI
prediction tool based on approximating the switching evexst been implemented. The
tool focuses on finding the correct current and voltage dévigs,di/dt anddv/dt, dur-
ing the switching event by studying an behavioral model et BT and approximate the
switching transients with a piecewise linear function. By so, the practical switching
characteristic can be reconstructed in the EMI noise qficetion study. A comparison
showed that this method improved the simulated EMI specttompared with trape-
zoidal switching events. This method vouches for a simpléhoteto evaluate the EMI
noise, however, the major deficit is it only can be quantifiadeothe switching event is
known in detail.

Other methods of determining the EMI performance of switcldeconverters have been
proposed in egl[31] where a state variable approach is wggdher with stray param-

eter extraction from a PEEC-program. Also, complete pnograave been developed to
calculate EMI-levels [32]. These programs are often baseskweral simplifications that

makes their versatility limited.
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When radiated disturbances are to be modeled, much moreleosimulation models
are needed, often in full 3D. In a paper by Ala et! al [33] a &l numerical model based
on the finite difference time-domain (FDTD) method is praghsThe method allows the
study of geometrically complicated structures which angpsised to simulate a realistic
electromagnetic environment in eg. a hybrid vehicle. Thetradvantageous benefit with
the proposed method is that only a current measurement tmtleedomain is needed to
predict the radiated emissions. However, the complexith@FDTD-model makes it dis-
advantageous since it requires a good knowledge of theamagnt where the converter
is to be placed.

2.6.3 Random Switching

Several studies have been performed in the past that showse® levels of EMI from
switched DC/DC converters that are using some kind of naargenistic property ap-
plied to the switching pattern. The key property that déferates random switching in
a switch mode power converter from regular switching, whielmerates time-periodic
switching functions, is that random switching producestaswng functions that have a
non-deterministic, random component. If a random switgltionverter is well designed,
it can behave similarly to a regular converter, i.e., getirggaa switching function that
allows the reference signal to be extracted by a low-passifiy and transferred to the
load. As a consequence of the non-repetitive switchingtfans, the frequency-domain
spectra for randomized modulators are different from thersp caused by a determin-
istic modulation strategy. For classic PWM modulation, spectrum mainly consists of
discrete frequency components clustered around multgfise PWM carrier frequency,
whereas a random modulator transfers the power carried éoydahmonics into a con-
tinuous density spectrum. The main purpose with this clmapt® present a study over
the present work performed on random switching convertéosvever, no own work is
performed on this subject, it is only attached to illustatealternative method to reduce
EMI from a switched DC/DC converter.

Although a randomized switching pattern can be applied awshin eg. [34] 35, 36, 37]

where field oriented control and speed vector-control ofigtibn machines are investi-
gated, the main field of interest in this thesis lies on hovdoan switching can be applied
to DC/DC converters. Hence is no further attention spent @iAQ applications but

rather on basic random switching principles and their apgilbon to DC/DC-converters.
A thorough review of the current research is presented ihi®ch is followed to a large

extent in this report.

A randomized modulation scheme is characterized by aniamvedleterministic and prob-
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abilistic structure. If considering the reference switeltt@rn, dither is added that does not
change from one switching cycle to the next. At each new ¢yhle same probabilistic
structure is used which means that there are no variatiof®irequirements on average
quantities such as the duty ratio. Based on this, the s&tyoswitching schemes can be
further classified into three main categories:

e Randomized Pulse Position Modulation (RPPM)
¢ Randomized Pulse Width Modulation (RPWM)

e Asynchronous Switching Schemes, both simplified and regula

Figure 2.18 shows a switching function that consists of sde@nsecutive random switch-
ing cycles(, is the time at which the the cycle stari,is the duration of thé:th cycle,
ay, is the duration of the on-state within this cycle, ant the delay to the turn-on within
the cycle. Note that the duty ratio & = ay /7). All of the above mentioned switching
schemes can be achieved by altering some of the parametas st Figure 2.1B. In
general, one can dithey, a; or T}, individually or simultaneously.
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Fig. 2.18The switching waveforng(¢) and the pulse:(t — &) representing just the:th cycle of

q(t).

If randomized PPM is studied, each cycle has the same I@hg#nd the pulse in each cy-
cle has the same duratioep, but an independent random variation in the positipaf the
pulse in thek:th cycle is allowed. Randomized PWM triggers the pulse alieginning
of each period, i.ez;, = 0, and varies the duration of the pulse The total switching pe-
riod T}, remains fixed. Not that in contrast to conventional switgttimat for ega, = 0.5
has only odd harmonics, randomized PWM vyields discrete baits at even multiples
of the switching frequency as well. According to Stankdia@] both RPPM and RPWM
are efficient ways of reducing the size of discrete harmoaits in satisfying narrow-
band constraints. However, due to its widespread natunelora switching techniques
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are much less effective in dealing with wide-band requineiself the two previously
mentioned techniques are compared, randomized PWM cagedhe fundamental fre-
guency component in the power spectra more than randomRkt Pn the other hand
is randomized PPM more efficient at reducing higher disdratenonics.

A true asynchronous modulation technique, proposed byKegjdd], adds a random vari-
ation to the period time of the pulsé&,. The time delay at the beginning of each pulse,
er = 0, is set to zero and the pulse width, is also kept constant. The true asynchronous
can also be simplified as proposed by Tanaka in [41]. Thisiedxy varying the period
time of the pulse7}, but keep the on-state at a constant length,di,e Both of these
methods are proven to give lower power density spectrunmdD,

One of the main motivations for use of randomized modulagdhe possibility of acous-
tic noise reduction in inverter-based motor drives. A matove benefits from the ran-
domized switching strategy by a better utilization of thaikable harmonic content of
waveforms at the interface where the power supply conned¢tetmotor. However, in eg.
modern telecommunication systems, sensitive consumelrsagiradio applications can
be interfered by high spectral power density concentraieddertain frequency, this can
be seen as a spuriose on the carrier frequency. Random swjitethemes can for that
reason offer a fairly wide range of waveform spectra to cedosm. The added degrees
of freedom allows for a more effective optimization of sigpawer at specific frequen-
cies and frequency bands of interest. When compared widrmetistic waveforms and
switching schemes, the main effect of randomization is actdn of the discrete spec-
trum and consequently also an introduction of a continupastsum. Depending on what
type of equipment that is connected to the power supply,dhseguences of randomized
introduction can vary. For instance, the damaging effedtasmonic torque pulsations
in electric motors is more severe than that of wideband fatatns of the same overall
power. In general, the impact of randomization is likely ® gositive for systems that
are susceptible to narrow-band interference, like digitauits, rotating machinery and
communication systems. while many types of communicatistesns are sensitive to
narrow-band interference, the actual performance is vergimiependent on the partic-
ular communication method. Hence can randomized modulaao be seen as a part of
emerging digital energy systems that aim to achieve effogigvhile minimizing undesir-
able effects on the environment like EMI, vibrations andustiz noise.

Shrivastval[4?2] states that a new method referred to as setksRPWM scheme can be

of interest of reducing EMI problems since virtually no hamts of the switching fre-
quency are present in the output power spectrum.

Note that not only random parameter modulation such as RPWWMRPPM can be of
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interest. Another technique proposed by [43,/44/ 45, 4G]¢ha be of interest is where
the switching frequency is modulated by a much lower modutdtequency. All authors
[43,144,45] 46] unanimously agrees that that by modulatiegstwitching frequency, a
reduction in the peak levels of conducted electromagnesitidances (both common
and differential mode) can be achieved. The switching feegy, /., is modulated with
a frequencyyf,,,, with an amplitude of frequency changef, that helps to spread out the
spectrum. The principle of how the spectra is spread is shiowigure 2.19.
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Fig. 2.19Comparison of spectra from a square waveform and a frequandylated square wave-

form.

The modulation frequency is typically selected much lowantthe switching frequency.
Feng and Cheng [45] suggests a modulation frequefacyf 200Hz for a converter that
operates with 150kHz switching frequency. Note that thaltebwer of the signal is un-

affected by frequency modulation. The total power of a digggals to the summation
of the square of each harmonic amplitude. The general teyddrirequency modulation

Is to spread out the power of each switching harmonic. Thiedrithe harmonic number,
the more even is the spread-out power [45]. However, Gon4dl#] states that due to

the fluctuations in the output voltage, the technique ofieamodulation is better suited
for DC/AC applications that can tolerate these small flubtues better than a DC/DC

converter with high output tolerances. Another deficitexiah [44] that needs to be taken
into consideration is the interaction of the modulatiormgtrency within the control-loop

that might lead to a deteriorated EMI-performance.

2.6.4 Gate Voltage Control

Traditionally, the EMI from a hard switched converter haeeib controlled by reducing
dv/dt of the switching element in the circuit as described by elgyt©n [47]. By doing
this, the spectral content in the switching waveforms walldecreased. However, doing
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this will inevitably give higher losses since the switchiglgment operates in the active
region for a longer time. During the last decade, sever&tdint principles of how the
gate voltage advantageously can be controlled to reducenaié been presented.

For inverters controlled by IGBT modules, several diffét@pproaches to reduce the EMI
by controlling the signal applied to the gate have been studtor a full bridge inverter,
bad timing between the gate pulses to each phase leg canamairserease in the com-
mon mode current_[48]. This is not directly a control methbdttimproves the EMI by
gate control, but if an inverter is considered, this mightheefirst step to consider when
optimizing the EMI. If methods of gate driving are studiedirI[49, (50] suggests that
if an intermediate voltag®; yr, slightly over the threshold voltage of the IGBT, is ap-
plied to the gate terminal during the switching event, EMinfrthe switched converter
can be reduced due to reducéd/dt. If this method is compared with the more con-
ventional method where the gate resistance is increaseditwe thelv/dt, the method
with intermediate voltage most likely will reduce the swittg losses. See Figure 2120
for principal schematic over the gate voltage with appliedimediate level\(; ). This
method requires a slightly more advanced gate voltage dnigeit, but on the other hand,
the reduction in EMI can overweigh this aspect. Another athge with the intermediate
gate voltage technique is that the switching losses alscedteeced. The reduction can be
up to 50% compared with a traditional increase of the gatistegece so that the same
di/dt is achieved, according to Idir [49].
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Fig. 2.20Principle of turn-on gate voltage control.

41



Chapter 2. Semiconductors and Converters

Tazikawal[51] proposes a method where different sizes efrgaistors are connected dur-
ing different phases of the turn-on and turn-off procespeesvely. This method reduces
thedi/dt in the current flowing through the converter, avoids cotlegbltage overshoots
and reduces the EMI. The disadvantages is that the meth@desllon the existence of a
stray inductor and that the control becomes significantlyarwomplicated.

Another control method is when the gate signal is divided tato stages as proposed in
eg. [52/53]. In the two-stage method, tthg'dt of the transistor current is controlled as
usual, but in the Miller-phase during turn-on, an additianarent generator is connected
to the gate that adds extra energy to the gate and shortetisithin which the transistor
is operating in the active region, i.e. increasing ¢h¢dt. Hence will a lowered EMI be
noticeable, but also lower switching losses due to the shdirhe in the active region.
Musumeci [54] has developed this technique by implemerdipdase locked loop that
detects the transition into the Miller region. Another depenent of the two-stage switch-
ing strategy is proposed by Kagerbater [55] where the pitisgilo dynamically adjust
the dv/dt on a pulse-by pulse basis is introduced. The main featureeofntrol circuit

is an external capacitot;,,, that is connected from the gate to the collector. The capac-
itor acts as an external Miller capacitance connected iallghwith the internal Miller
capacitance of the MOS switching element. During the turmicturn-off event, both the
internal and external Miller capacitors are charged ortdisged by the gate current. The
current through the external Miller capacitor is routedtigh an electronically controlled
current mirror circuit that injects a current into the gdtbis current is proportional to the
external Miller capacitor current and contributes to a ¢fim the voltage transition rate.

Kempski [56] states that th& /dt of the voltage over the switching element can be chosen
in such a way that the oscillations in the circuit are cartelee to resonances in the
circuit. A slight change in rise time can change the resobahavior so that the common
mode current is minimized.
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Semiconductor Modeling

In order to simplify the construction process of applicasithat includes semiconductors,
it is of great importance that the construction can be sitedlaboth when regarding
a single component and as a complete system. However, wraimglevith switched
DC/DC applications, some of the models show deficits that dexrease the accuracy.
When dealing with PiN-diodes, models for more accuratechwig characteristics have
been proposed in several articles; models intended for pap@ications and SMPS have
been investigated in e.q. [13,/12/57]. In the following 8@t a novel PiN-diode model
based on charge node locations is investigated. Also, awvieweof MOSFET modeling
including the introduction of a new novel model based onuitranalysis is presented.

3.1 Nodal AnalysisVs. State Variable Approach

In classical nodal analysis, a consistent set of simultas@gjuations is obtained by in-
voking Kirchhoff’s current law for each node in the circuithe currents are expressed in
terms of all the branch currents leaving a node equated totbieg currents entering the

node. The currents and voltages can in matrix notation bienras

Gxv=i (3.1)

whereG is the conductance matrix;, is the voltages in each node aind the current
sources in the circuit. The most significant drawback ofgitad nodal analysis (imple-
mented in e.g. the first versions of SPICE) is that independ#tage sources, transform-
ers and dependent sources do not enter into nodal analysisatural way and have to be
transformed using a variety of algorithms to get the equatioto suitable form. In order
to avoid this problem, Modified Nodal Analysis (MNA) can beanporated as proposed
by eg. [58] 59]. Modified nodal analysis removes most of thetétions of the classical
nodal method and is according to [59] suitable for symbaiid aumeric analysis of elec-
trical circuits. MNA is applied later versions of SPICE whisolved the problem with

43



Chapter 3. Semiconductor Modeling

independent voltage sources.

Practical circuits contain many nonlinear elements suctiedes and transistors. The
common approach to solve these elements, e.g. diode chas#cs, is by linearization

using the Newton-Raphson method. This method is known toelg fast, but also to

have convergence problems sometimes. Semiconductoiguedexponential relation-

ships) may lead to huge currents that exceed the computensutational range.

Modified nodal analysis suffers from some drawbacks sucheas diagonal elements
caused by floating voltage sources and singularity in theetudsf circuit equations for
initial state and steady-state analysis. Hence is anotlehod named Unified Nodal
Analysis (UNA) proposed by Fung-Yuel Chang in [60, 61]. ThBIAJformulation of
circuit equations eliminates the singularity in Modifieddéd Analysis when deriving the
initial-state and steady-state responses without perfgrrany transient analysis. Also,
UNA works well for nonlinear circuits as well which can be satered a major advan-
tage [60] 61].

However, the focus in this thesis is not aimed at speed ofdhveisor simple implemen-
tation of the circuits in an graphical user interface buheatat investigating the stability
of the system by using transfer functions and developintablé controller structures.
These properties makes state space representation mtaglswather than nodal analy-
sis and consequently analyzed further in this thesis. Thergéstate-space equations can
be expressed as

i(t) = flat),u®) (3.2)

wherex(t) is the statesy(t) is the input to the system ant) is the output of the system.
If (8.2) is applied to a linear system, it can be rewritten as

(3.3)

whereA, B, C andD are matrixes. The state space representation providesvardent
and compact way to model and analyze systems with multigdetshand outputs. The
use of the state space representation is not limited toregstéth linear components and
zero initial conditions which makes it suitable for the atséd performed in this thesis.
The perhaps most important feature of the state space egpati®on is that the stability
and response characteristics of a system can be studiedleeigenvalues of matrix.
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3.2 Improving and verifying the diode model

When a diode is modeled, there are mainly two different prtigsethat needs to be con-
sidered, namely how the junction capacitance is modeledtantehavior of the reverse
recovery current. Hence are these two aspects investifjatbéeér and the results are pre-
sented below. The main objective with this investigatiotoiserify the capacitance of a
pn-junction which is a part of a power MOSFET, see SedfioB¥& applications.

3.2.1 Determining the pn-Junction Capacitance

As previously mentioned, the traditional SPICE model of addi describes the junc-
tion capacitance as explained in Secfion 2.2.1. This ctgram is of great importance in
switched DC/DC converters since the interaction of thisac#ance and other parasitic
circuit elements can cause oscillations and other unwamédvior in the circuit. Ac-
cording to Lucial[62], the total junction capacitance shasequency dependence that
becomes apparent when the diode is forward biased. Thisndepee originates from
the diffusion capacitance that dominates the total jumctiapacitance when the diode
is forward biased; for low frequencies, the minority casighat constitute the physical
meaning of the capacitor, will follow the applied ac-sigrtdbwever, if the diode is used
as a part of MOSFET modeling which is the main applicatiorhis tnvestigation, the
importance of the diffusion capacitance becomes compasahall since the body diode
will be operated in reverse bias for most normal conditi@mall signal variations in
the diffusion capacitance is neglected for all upcomingusations. When the diode is
reverse biased, the capacitance can be considered indepiesfdhe measurement fre-
quency([63, 62]. This is also shown by own measurements wherdiode is kept reverse
biased and the test frequency is varied, see Figule 3.1.eHenihe test frequency is
selected to 1MHz in accordance with the de facto standaehgivmost data sheets.

10

L] e 10[C

1N4007
AN C3ZCTQ030 -
T N\
=10 N - -
8 il:
< i Y
I reverse
‘S \
(]
& .10 \
O 104 \

ol .

reverse
10" 10° 10° 10
Frequency [Hz]

Fig. 3.1Junction capacitance as a function of the applied frequency
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The method for determining device capacitances proposéhisrthesis is based on a
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constant current charger described in [64]. The test difsydresented in Figufe 3.2

|

Fig. 3.2Circuit diagram for a constant current charger.

O

(e}

The principle of the test is to charge the DUT with a constantent and measure the volt-
age over the DUT. Due to the constant current, the total ¢tpee of the measurement
objectis

Yot
Crot = m (3.4)

whereC'py1 is the total device capacitance angl; is the measured voltage. Since the
device that is analyzed can have a capacitance with the sageitude as the inherent
probe capacitance, this factor also needs to be taken istmuat The voltage over the
probe is measured and together with the known value of ther@mt capacitor (usually
specified by probe manufacturer), the current into the poalnebe easily calculated. Due
to current sharing, the capacitance of the DUT can thenyebsilkalculated since both
capacitors are connected in parallel and will have the savitage applied over them.
The circuit was verified using a varactor (ZC836) due to it defined capacitance, the
results are shown in Figure 3.3

5
VDUT, measured " Cmeasured
0 . : VDUT, spice :I_O2 1 CSpice :
s Cdatasheet:
o | N s IR e
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s g
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=109 e e O
-15 - - - : - 10" :
0 0.5 1_ 1.5 2 2.5 100 10t 102
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Fig. 3.3 Analysis of the junction capacitance in the ZC836 varactor.
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3.2. Improving and verifying the diode model

Based on calibration measurements performed on the ZC8a6twaa, it is concluded that
the constant current charger works satisfactory. The mmeasnts were verified with help
of an impedance analyzer (HP4395) that showed good agrédraeveen the two mea-
surement methods. Further measurements have shown tiGE $Ridels provided by the
manufacturer can sometimes be rather dissatisfactoryigeee[3.4 where simulations
are compared with measurements for the ultra fast recovededJF4004; a rather large
discrepancy between the SPICE model and measurements caemeOne explanation
of this deviance in capacitance between measurements @8PICE model might come
from the fact that the junction capacitance and the trahbieinavior sometimes is seen as
a not so important parameter in the diode model; in a reagfgircuit, the static behavior
(conduction losses and forward voltage drop) is of greatgoirtance.

0 10
T Coeased
v I N Y IO TR L C..
DUT, spice : Spice
=57 : : = Cdatasheel“
= 3
g Sl 0 SN
~ -10 S
-15 : : : : : : "
0 01 02 03 04 05 06 10° 10t 10

Time [us] Frequency [Hz]

Fig. 3.4 Analysis of the junction capacitance in the UF4004.

The SPICE equations are also valid for Schottky diodes as iseEigure[ 3.5 where a
low-voltage high-speed schottky diode (32CTQO030) is aredy The difference in ca-
pacitance between a pn-diode and schottky diode is the aokrwrity carriers which
contribute to the diffusion capacitance when the diodensdod biased. This difference
IS not apparent as long as the diode is reverse biased, regoed agreement obtained
between simulations and measurements.

The main conclusion that can be drawn is that the diode cegend is well described by
the general SPICE equations as long as the diode is revasethiThese equations might

also be valid when the diode is forward biased, but theirditgliis not verified in this
thesis.

3.2.2 Validation of the Rever se Recovery

When considering the EMI specifications of a switched camevethe reverse recovery
peak current and the time it takes for the reverse curren¢taylis of great importance.
This peak current is strongly dependent of the operatinglitions as seen in Figure 3.6
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Fig. 3.5Analysis of the junction capacitance in the 32CTQ030.

where the reverse recovery characteristics of a standeotiegy rectifier diode (20ETS12
from International Rectifier) is investigated by using tlesttcircuit depicted in Figure

[2.12. In this circuit, the MOSFET is seen as an ideal switdeesit is turned on much

faster than the diode that is subject to test. As seen, therdupeak that occurs during
reverse recovery is not only dependent on the forward cticamied by the diode before
forced to blocking state (see Figurel3.6, left picture) \artations in the reverse voltage
applied over the diode also gives an indirect effect (sear€ig.6, right picture).
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Fig. 3.6 Reverse recovery current as a function of the operatingitons. Left: Constant current,
varying reverse voltage! f,;wara = 0.5A4, Vieverse = 100V, 200V, 300V'). Right: Con-
stant voltage, varying forward curremty(,..,orq = 0.44,1.0A4,1.8A4, Vicverse = 100V).

The reverse current peak depends on two criteria; the fohearent and thé:/dt car-
ried by the diodel[3]. A high forward current gives a high pf@sconcentration in the
intrinsic region which in turn results in a high reverse euatrpeak. This is seen in Figure
[3.8, left picture, where the forward current is varied fromA to 1.8 A. Theoretically is
the peak reverse recovery current linearly dependent ofotivard current but for high
forward currents, the peak reverse current can be satudaietb emitter injection. The
other factor that determines the reverse recovery cursettitel current derivativel:/dt.
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3.2. Improving and verifying the diode model

If a given charge is to be swept out of the intrinsic regioniremease indi/dt will result

in an increased reverse current peak. In Figuré 3.6, lefuggcis the current derivative
varied due to changes in reverse voltage which in turn regufieak reverse current vari-
ations.

As described in Sectidn 2.2.1, the reverse recovery behmvivadequately simulated in
SPICE due to the fact that charge storage in the depletiar igynot included. If the
previously presented measurements are compared with SSt@Hations by simulating
the test circuit depicted in_2.112, the reverse recoverydarty different, see Figuie 3.7.
The simulations had the same operating conditions as theurezaentsV,......sc = 100V
andi sorera = 0.7A. The two discrepancies that can be noted are aminly two;sat tire
much smaller peak in the reverse recovery current, and dggahe snappy behavior of
the current once the peak has been reached.

\oltage [V]/ Current [A]

! diode
1 |- e v

diode

0 0.5 1 15 2 2.5 3
Time [us]

Fig. 3.7 Reverse recovery current for 20ETS12, SPICE simulation.

The same test circuit (seen in Figure 2.12) was also usedalyzna schottky diode

which is a majority-carrier device which should show noneary small reverse recovery
current. According to simulations and measurements, spedrB.8, the recovery current
is very small and fairly similar between simulations and sugaments. The oscillations
that follow are originates from the parasitic inductanced eapacitances in the circuit;
the correct resonance frequency is hence hard to deterimoe is depends on several
unknown parameters.

From the simulations and the results presented in [65],nte@&seen that the switching
behavior of diodes, foremost standard pn-junction diodes,not sufficiently well de-
scribed in SPICE, hence is some kind of improvement needie iISPICE diode is to be
used in a switched application.
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Fig. 3.8Reverse recovery current and voltage for 30CTQO030, compardf SPICE simulation
and measurements.

3.2.3 Implementation of a Diode Model Based on Charge L ocations

As described in Section 2.4.4, a simple pn-diode model cammipéeemented by using
the principle of charge storage using the lumped charge hesdproposed by Linvill
[10]. The diode models used in circuit simulators such a&Rire based on the original
charge control model as described!in [5]. This model inctueliéects of charge storage
during reverse recovery but it does not consider the eftaatrse recovery effect of the
diode. This gives a diode model that exhibit an instantas@ecovery during commu-
tation to the non-conducting state. A more gradual or softeovery can be obtained
by adding extra parallel capacitance to the diode model.@¥ew a capacitive current is
non-dissipative, associated with energy storage in thaatgy which is not the case in a
real diode. The actual diode reverse recovery current spiiive and hereby one of the
most important sources of power dissipation for diodes ussditching converters.

The original charge control diode model used in e.g. SPICRleys one charge storage
node at the boundary between the different doping regiorfee\the charge stored in
that node becomes exhausted during reverse conductiodidtie instantly switches to
reverse blocking mode. This is not the case in an actual FoNedwhere reverse recov-
ery is caused by diffusion of charge from the center of therisic region. One way to
improve the behavior is to utilize a diode model proposed ayritzen [14] that utilizes
four charge storage nodes. The total model is describeld hg)® [2.17) that describes
the diffusion current through the intrinsic region. If tldode model is implemented in
Matlab/Simulink and suitable parameters are extractedrdotg to the procedure in [14],
a diode model with reverse recovery may be obtained. Fatititive purposes, the diode
model for ETS12 is implemented together with a switchingrelat consisting of a MOS-
FET to form the circuit depicted in_2.112. The simulation lesare presented in Figure
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[3.9 are obtained. Note that the MOSFET model used in all sitianls presented above
is the empirical model provided by the manufacturer Inteomal Rectifier.
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Fig. 3.9Reverse recovery current and voltage for 20ETS12, lumpacyehmodel.

The operating conditions in Figure 8.9 are similar to thos€igures 3.6 and 3.7, namely
Vieverse = 100V andi so0ra = 0.7A. AS Seen, the reverse recovery current may obtain
a more correct appearance as the intrinsic layer in the diedte depleted as the con-
ductivity decreases; the recovery current is less snappyttie current simulated by the
SPICE model. However, the derivatives of the current sl@vesstill much higher than
those achieved during measurements.

This method may improve the reverse recovery current butad#ficulties in the param-
eter extraction procedure, the lumped charge model propogéd.auritzen is not inves-
tigated further for the benefit of the regular SPICE modeVled by the manufacturer.
When MOSFET modeling is considered, as seen in the followawion, the recovery
characteristics are only of interest when the MOSFET isrsa/éiased; hence can the
need for correct recovery characteristics be considerednaisior detail in the MOSFET
model.

3.3 A Novel MOSFET Model Based on Circuit Analysis

Many studies have been performed in how the switching behafia power MOSFET
can be modeled with various approaches. The usage of thesgsitend to be somewhat
limited and most important of all, the practical applicagchave been limited due to e.g.
complex parameter extraction procedures. The model peapiosthis thesis aims at rep-
resenting the MOSFET with some relatively simple circuginreénts in combination with
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already known equations.

The proposed MOSFET model is depicted in Figure|3.10. Tha elaments are the cur-
rent generator] s, determining the drain-source current, and the capadifers Cop,
Cps that emulates the charge accumulations in the semicondidite that these ca-
pacitors have no physical presence in the MOSFET,; theiniide is only to simulate
the charge accumulation in the MOSFET. All external conm&chave a resistanc&g,
Rp and Rg, that simulates the built in ohmic losses in each termimahddition to the
resistance in each terminal, a parasitic series inductdngel , and Lg is introduced.
The inductance in the bonding wires that attaches the sisobstrate with the package is
not neglectable at fast transitions such as a switchingtglience the need for a parasitic
inductance.

Fig. 3.10Circuit diagram for the proposed MOSFET model

The drain-source current £s) is determined as a function of the applied gate-source
voltage (/zs) and the drain-source voltag&{s) by equations that are taken directly
from SPICE[[5]. Wher/;s exceedd/,;, and the MOSFET is operating in the linear/ohmic
region (Ves — Vi >= Vps)), the drain source current can be described as

WerpCosp
Leyy
where several constants,(W. s, Co., L.sy) Scale the current to a suitable level. The

SPICE constantX) that models the channel length of the MOSFET is also inttedu
Usually A has a very low value and causes only a small slope on the athiptacteristics,
mostly in the active region. In the active/saturated regids — Vi, < Vps)), the drain-

source current can be described as

Ips(inear) = (Vas — Vin)Vps — % (1+ AVbs) (3.5)

Insteaturation) — M etiCor
2Leff

where the channel length modulation paramet¢rofce again is present. As described
in Sectiori 2.b, a feature of the VDMOS is the internal bodydéi. This diode is modeled

(Vas — Vin)?(1 4+ A\Vps) (3.6)
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by a current sourcel;,q4.), an internal series resistoR{;.q.), and a junction capacitor
(Caioqe) Whose capacitance shows a strong voltage dependencenddi can be com-
pared with the SPICE model for regular pn-junction dioddsaji can also be found in
SPICE models for power MOSFET’s provided by manufactursse, Chaptér 2.5.7.

In order to implement Figure_3.110 in Matlab/Simulink, nodalalysis in combination
with voltage loop analysis is used. The circuit contain sigrgy storing elements whose
voltage or current are selected to form the state matrix
[ Vcags ]
Vcap
o(t) = | Cdiode (3.7)
g
ip
is

where the current through an inductor or the the voltage awapacitor will constitute
a state. For a functional circuit, the MOSFET model is impmated in a circuit together
with appropriate external elements. The inputg)) and the outputsy(¢)) to the system
are selected in an appropriate way to form a state-spacelrabtiee total system, see

B.3).

3.3.1 Parameter Extraction for a Power MOSFET

To be able to simulate the performance of the componentnpetea extraction needs to
be performed. The procedure suggested in this thesis isl lmasthree different sources
of information; datasheets provided by the manufactufeliC& models provided by the
manufacturer and component measurements. The main ide&keéep the procedure as
simple as possible and use known sources of data such asshekttaSPICE model or
some other source of information provided by the manufactuéy flowchart of how the
suggested procedure can be performed is found in Figuré 3.11

At first, the datasheet is analyzed where the package of tigpaoent is specified. The
value of the parasitic inductor in each terminal;( Lp and Lg) is not investigated in

detail in this thesis; instead is typical values used in aitfcoming simulations. This
inductance is strongly dependent on the package type andazamding to([66l, 67] be

approximated to 5-15nH for a regular TO-247 package and riane 30nH for larger

IGBT power module packages [68]. For all coming simulatiarigere nothing else is
specified from the manufacturer, the terminal inductanceiso 5nH since this thesis
mainly deal with low power components. In addition to infation about inductances,
the datasheet also contains information about the voltagerttent capacitots;s, Cop
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Analyze datasheet and
approximate values for inductances

Extract values from
Spice model

Make capacitance
measurement

Anlyze measurement data
and insert in MOSFET model

Fig. 3.11Procedure for extracting model parameters.

andC'ps. This information is however only valid for one specific ogamng point and is
hence not suitable for the operating range that will appaend a switching event. How-
ever, there is one exception; the gate-source capacitaiage,This capacitance can be
considered almost constant [4], hence can this value badgtt from the datasheet.

Once the parasitic inductances and the gate-source capeeitre extracted from the
datasheet, the SPICE model provided by the manufactureseid for parameter extrac-
tion. Since the proposed model uses the same equationsdaatel the drain-source
current as SPICE, the parameters found in the manufacti€ESmodel can be reused.
Also, data for the parasitic body diode and terminal resista can usually be found in the
manufacturer SPICE model. The main difference between W€ model and the pro-
posed MOSFET modelis the voltage dependent capacigr The data for this capacitor
needs to be measured by an impedance analyzer. Once theremeasts are done, data is
extracted in order to make the gate-drain capacitance depenn both gate-source and
drain-source voltage,cp(vgs, vps). For further details regarding the extraction method
for dynamic parameter, see Section 3.3.3.

To test the parameter extraction procedure, the HEX¥FBdwer MOSFET IRF520N
from International rectifier was chosen, seel [87] for datashThe reason to select this
component is a suitable voltage and current rating in coatlun with a detailed SPICE
model and datasheet provided from the manufacturer. TalilstH®dws the most common
parameter values for the selected MOSFET.
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Table 3.1 Parameter values for IRF520N

Parameter Source Value

CGS Datasheet CGD(UDS)

Cep Measurements Cep(vgs, ps)

Chs SPICE Cap(vps)

Lg Approximation SnH

Lp Datasheet 4.5nH

Lg Datasheet 7.5nH

Rg SPICE 2.490)

Rp SPICE 980

Rg SPICE 43982

Riiode SPICE 11.2m{2, see Figuré 213
Liiode SPICE Sed (213) t6 (2.5)
iDs SPICE Sed (315) and (3.6)

In order to make the proposed procedure more versatildyduidnalysis on different
operating temperatures might be needed. Also, it can betefast to compare several
components from different manufacturing batches to ingatt how the manufacturing
process influences the parameter values. For reasons diciyphe following reason-
ing is based on typical values and measurements on a individmponent in room
temperature.

3.3.2 MOSFET Mode Under Static Conditions

The verification of the proposed model can be divided into pads; static and dynamic
behavior. For the static behavior of the model, the gateesowoltage () is kept con-
stant while the drain-source voltage is connected dirdotly strong voltage-source with
varying voltage, preferably a ramping function. A prineégichematic which can be used
for simulation purposes can be seen in Fiqurel3.12.

7T

E

Fig. 3.12Principal test circuit for determining output charactécs

If the states found i (317) are applied to the system foicstasting the derivatives of the
states can be expressed as

i(t) = Axz(t) + Bu(t) + By {,im} (3.8)

% Diode
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(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

Since no external components are applied to the MOSFET,rihyepart that limits the
drain-source current is the MOSFET itself, neglecting thee wesistances and assuming
that the voltage sources are sufficiently strong. The elésritbat determine fast transient
characteristics (ed”qs, Cop andCps) becomes neglectable since the course of event

56




3.3. A Novel MOSFET Model Based on Circuit Analysis

is relatively long; i.e. the voltage ramp applied to the dradurce terminals has a rather
low derivative. This makes it possible to set the normallitage dependent capacitors
to a fixed approximative value during the static simulatidth@wvever, these capacitors in
cooperation with the parasitic inductances strongly aeitee the switching characteris-
tics of the MOSFET. The static characteristics of the mosl@hstead determined by the
internal resistancedis and Rp) in the MOSFET and the drain-source current which in
turn is described as a function of the applied terminal y&ta The equations that govern
the static behavior can be found [n_(3.5) ahd|(3.6) with patamvalues taken from the
SPICE model of the component, see Table 3.2.

Table 3.2 SPICE parameters for IRF520N, static behavior.

Parameter Source Value Unit
VTO SPICE 2.7908 V

A SPICE 0 V-1

L SPICE 100-1076 m

w SPICE 100 - 1076 m

LD SPICE 0 m

KP SPICE 0 AJV?
CGSO0 SPICE 2.79-1076 F
CGDO SPICE 1-1071 I

The manufacturer specifies a certain output characteyistithe datasheet, and it is of
interest to verify both the SPICE model and the proposed MEJS&gainst this data, see
Figured 3.18 and 3.14.

10°

10'4

Drain Current [A]

10’4

0 Scr)ain-Source Voltage1 cfV] ol
Fig. 3.13IRF520N output characteristics, comparison between SRt@Hdel (solid line) and

datasheet (dashed line).

The output characteristics correspond quite well bothtier$PICE model and the pro-
posed model. The results from both models correspond toaheh since they are based
on the same equations and use the same input data taken #8@RPIBE model provided
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Fig. 3.14IRF520N output characteristics, comparison between @egpMOSFET model (solid
line) and datasheet (dashed line).

by the manufacturer.

To verify the model against a real component, the test difouind in Figurd _3.75 was
built. The test circuit generates a voltage ramp on the esaurce terminals of the de-
vice under test for a short period of time while the gate-sewoltage is kept constant.
The voltage ramp is generated by a commercial hot-swapitiicli641 from Linear
Technology Corporation) in combination with a single pujemerator. It is of great im-
portance that the test circuit generates a sufficiently sloltage ramp so that dynamical
phenomena can be neglected. On the other hand, the voltagemaist be sufficiently
fast so that the energy dissipated in the component doesoe¢é the maximum allowed
safe operating area as specified in the MOSFET datasheet tAésMOSFET that creates
the voltage ramp needs to be much larger than the device tegtel his means that the
first (and second) MOSFET in series with the device undestest not limit the current
in any way. This can be assured by selecting a MOSFET thatgsethe voltage ramp
with much greater current handling capabilities than theTDThe total gate charge and
turn-time of the ramping MOSFET component is not a critisglie; it is only important
that the hot-swap circuit (LT1641) can deliver sufficientreat for the MOSFET to turn
with the desired voltage ramp. If a the MOSFET IRF520N isgéstith the proposed test
circuit, the output characteristics in Figlire 3.16 are inletd.

The conclusion from the measurement is that the output ctaarstics deviates signifi-
cantly from the data specified by the manufacturer. This haiglynto do with two major
issues; the chip temperature and the threshold level of ahgonent. The difference
in threshold level (see AppendiX B for thorough derivatioa) on component level be
deduced to variation in process parameters such as oxme#ss and doping concentra-
tion. But also, the threshold level shows a dependence ochipeemperature. The total
mechanism of how the threshold voltage varies with tempegaand between individual
components due to manufacturing variations is complicatetlis out of scope of this
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Fig. 3.15Test circuit for determining output characteristics.
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Fig. 3.16IRF520N output characteristics, comparison between mneasnts and datasheet.
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thesis; in this case it is more important to determine howtrations influence the sys-
tem in which the component comprise. To show the dependdrbe threshold level on
the output characteristics, simulations were made withdifferent threshold voltages,
see Figuré 3.17.

10 R R R R R R 10 R SR ER R SRR

Drain Current [A]
Drain Current [A]

10’ 10 10° 10 10’ 10 10°
Drain-Source Voltage [V] Drain-Source Voltage [V]

Fig. 3.17IRF520N output characteristics. Left;, = 2V, Right: V;, = 4V

The conclusion that can be drawn from these simulationsisthie output characteristics
is strongly dependent on the individual component. In thagleet, the span in which
the threshold voltage varies can be rather large; for trecssd MOSFET, IRF520N, the
threshold voltage may vary between = 2V andV};, = 4V, hence the limits for the pre-
vious simulations. The individual component that was selkbmost likely has a slightly
higher threshold voltagéf, ~ 3.6V’) than the typical value specified in the datasheet.

To investigate the temperature affects the output charatibs, two measurements were
made at two different temperatures, see Figure|3.18. Thpdrature of the component
was selected t85°C and80°C and was carefully monitored throughout the test in order
to keep it as constant as possible. Note that these measusetake no consideration of
the internal heating of the component; the only measurentek® keep the duration of
the voltage ramp as short as possible to avoid internalrgpati

But not only the temperature dependency of the thresholdgelcauses a difference be-
tween the measurements and the simulations. Other panasat# as increased electron
mobility with temperature also contribute to devianciel.tdgether are these dependen-
cies very hard to take into account due to the complexity efitiggoing parameters; this
thesis do not focus on correct modeling of doping levels &titer on simplicity and use-
ability. Due to this, the temperature is assumed to B€2ind the threshold voltage to a
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Fig. 3.18IRF520N output characteristics. Lef5°C. Right:80°C.

fixed value for all coming simulations.

3.3.3 MOSFET Modd Under Dynamic Conditions

To describe the total switching characteristics, the capacin the model must be given
a characteristic that makes them nonlinearly voltage ddgemn If a linear capacitor is
considered, it can be defined as a component whose charganstah of voltage. The
capacitance is defined as the derivative of charge with c¢$peoltage according to

() = = (3.14)

wherew, is the voltage applied over the capacitor. The current tinoa capacitor can
then be expressed as the time-derivative of the charge

dq(v.(t))

t) = —_— (3.15)
which in turn can be expanded to
o dg(ue(t)) due(t) dvep)

This methodology to model non-linear voltage dependeraciéqrs are described in [69,
70] and [88| 89]. Some would argue that the current througlcéipacitor can be described
as
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i(t) = Ol () 228 1y ) OLAD) (3.17)
but this is wrong as shown in [388]. The error lies the intetatien of charge; the charge
stored in the capacitor equals the capacitance times ti@gethange of the capacitor,
not the static voltage.

Even though[(3.15) and (3./16) are equivalent, uding {(3d ®utld models can result in
deviancies according td [88]. Circuit simulators divide gimulation time into discrete
steps and solve the circuit equations at the points in betwEee same”'(v) is used
across each step, which results in a small error in every $tepcharge in the capacitor
is not conserved as if it would be if the capacitor shows lirseracteristics [71]. When
C'(v) is known, the proper approach to building a large signal rhisde reconstruct as

a function ofv... Recall that capacitance is defined as the derivative obehaith respect
to voltage. Thus, the chargds simply the integral of the capacitaneg, with respect to
the voltagey., according to

q(v) = /C(U)dv (3.18)
The current through the component can be computed using

. dq(v.(t))

i(t) = — (3.19)
According to Kundert [88], the suggested approach of howadeha voltage dependent
capacitor results in a system that is both accurate, cortipngdly efficient and does not
suffer from the charge conservation problems. Howeves, riiethod is not investigated

further in this thesis since the proposed model is basedesttties in(317).

When consulting the datasheet provided by the semicondowaufacturer[87], it only
presents the internal capacitancé€s;{, Csp andCpg), as a function of the applied volt-
age for one operating point, see Figure 8.19 whiéte, C,,, andC,., refers to the input
capacitance, output capacitance and reverse transfecitzapae respectively.

Hence, the capacitors must be thoroughly investigated deroto get a more compre-
hensive description of the switching procedure. One sicanifi difference between the
datasheet and the capacitors in the proposed model is hosagaeitance is expressed.
In Figure[3.19, the capacitors are expressed as

Ciss = Cas+ Cap (CDS shorted)
Crss = C’GD (320)
C(oss = CDS + C(GD~
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Fig. 3.19Typical capacitances as a function of applied drain-souotiage for IRF520N. Figure
taken from datasheet provided by International Rectifier In

whereC;,,, C,ss andC,., refers to the input capacitance, output capacitance amisev
transfer capacitance respectively. From these quanthegsare easily measurable, the
capacitances included in the proposed MOSFET model canlbdated as

C(GD - Crss
CGS - Ciss - Crss (321)
CDS = Coss - Crss-

As seen, it is of great importance that the gate-drain ctgraae is measured correctly;
with help of this parameter, it is possible to extract infatran about the other two com-
ponents. IN[[72] the standard procedure of how to measuse ttagacitances is described.
This method however lacks some information since the measemts are usually only
performed around one operating point. Y. Lembeye et al.[T4Bsuggests a slightly dif-
ferent method to characterize all internal capacitancesfasction of the applied voltage
with the help of an impedance analyzer. If the suggestedadeth[73, 74] is performed
on the object of investigation (IRF520N) with help of a HP83Bpedance/network an-
alyzer, the results shown in Figuifes 3.20, 8.21[and 3.22lamred. These figures show
a comparison between measurement and data taken from tshdat of the capacitance
as a function of the applied drain-source voltage.

Still, Lembeye[73| 74] takes no consideration of how theegdrain capacitance can be
represented when the MOSFET is conducting. This phenonsemstead described in
by Deml in [75,/76]. Deml suggests that the gate-drain capace, which is the most
crucial component for correct switching behavior, dimlir@s as the gate-source voltage
decreases. A typical view of how the capacitance behaves tiaem [75] is depicted in
Figure[3.28.
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Fig. 3.200utput capacitance as a function of applied drain-sourttage. Vs is varied between
0V and 3V
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Fig. 3.21Input capacitance as a function of applied drain-sourctagel Vg is varied between
0V and 2V
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Fig. 3.22Reverse transfer capacitance as a function of applied-dmirce voltagel s is varied
between 0V and 2V
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Fig. 3.23Graph from article by Deml

This statement is based on the fact that the gate-drain itapatainly consists of two
capacitors connected in series; field oxide capacitafigg;(.q.) @and the depletion ca-
pacitance Caepietion) N the drift region, see Figufe 2.110. A high drain-sourctage (i.e.

the MOSFET is in blocking state or during current saturgtresults in a small depletion
capacitance {uepletion < Cheld—oxide) Which gives that the gate-drain capacitance basi-
cally consists of the depletion capacitance. When the gatieee voltage increases, the
MOSFET will eventually turn on and start to operate in the ahragion. This gives rise

to an accumulation layer under the gate electrode whichemprently increases the de-
pletion capacitance. The drain terminal basically becoshested to the source-terminal
which results in a gate-drain capacitance that is dominaydte field oxide capacitance

B3l.
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In the article by Deml[7E, 76], the gate-drain capacitarscméasured by a complex reg-
ulated circuit whose construction is out of scope for thesth. The approach used in this
thesis is to measure the gate-drain capacitance at thestigbgsible gate-source voltage
before the MOSFET enters the ohmic region and after thist@pproximate its value

based on previous measurements. The final function of howatedrain capacitance

depends on the applied voltag€s; (vas, vps)) is depicted in3.24.
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Fig. 3.24Gate-drain capacitance as a function of applied drainesoand gate-source voltages.

If a switching event is analyzed in detail, the operatinghpfound during the course of
events can be plotted in the same graph as the gate-draicitzeque, see Figufe 3.25.
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Fig. 3.25Gate-drain capacitance as a function of applied drainegoand gate-source voltages.
Left: Turn-on event marked as a line. Right: Turn-off everirked as a line
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The main reason for incorporating the gate-drain capaaga function of both;s and
the Vps comes from the fact that a switching event is a fairly compdexcedure that
covers all of the operating areas of a power MOSFET. Figu?& 8isualizes the fact
that as the gate-source voltage increases and reaches Itberegion, an increase of
the gate-drain capacitance will occur. Hence must thisrege thoroughly characterized
which in this case is accomplished by incorporating the-ga&én capacitance as function
of all applied voltages. Figufle 326 shows a simulation ltesftom the Matlab model
whereCgp is only dependent ofYps as suggested in the datasheet. A small deviance
can be seen in all voltages and currents during the switatwegt. This discrepancy is
minimized if the gate-drain capacitance is made dependentoth Vs and Vg, i.e.
Cep = f(Vgs, Vbs), see Figuré_3.27. Both simulations are compared with th€EPI
model which is proven to show good agreement to real measunism
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Fig. 3.26Simulation of switching event wher€p is a function of onlyVpg according to the
datasheet. Matlab simulations: Solid line. SPICE simoieai Dashed line.
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Fig. 3.27Simulation of switching event wher€p is a function of bothlzg andVpg. Matlab
simulations: Solid line. SPICE simulations: Dashed line.
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As previously mentioned, the gate-source capacitance e@oitsidered almost constant
[4] since it mainly consists of the parallel plate capacftomed by the gate electrode,

the substrate and the gate-oxide as a dielectric in betvBiroe the model proposed in

this thesis only deals with positive voltage applied on thgegerminal, the gate-source

capacitance value is chosen to be extracted from the datiadie datasheet capacitance
can be expressed as

Cas = 2.84-10%exp (—0.0011 - Vpg) + 3.55- 10" “exp (—0.056 - Vpg)3.22)

if an exponential function is used. The coefficients aredated using a curve-fitting
procedure.

400

300 CHI ALY QSIS o - o~
R R I R O N S S PR e e AR NG PSS
\

200+

Cas [pF]

C

1001 GS(Curve Fit) I

o CGS(Datasheet)

0 .
10’ 10" 10°

Vbs [V]

Fig. 3.28Gate-source capacitance as a function of applied DraimeBowoltage. Exponential

curve fit (solid line) and datasheet values.

The last capacitor that needs to be extracted is the drairceaapacitor. This capac-
itor is determined by the size of the junction area betwedypp-well and the n-type
substrate layer which has the same electric potential asaimee. This capacitor shows
similar behavior as the capacitance in the pn-junctiors, iherefore chosen to obtain the
cv-characteristics from the SPICE model where a body diedeesent. In SPICE, the
junction capacitance is calculated as described in (2.@.1d). The parameter values in
these equations are taken from the SPICE model deliveredeébgnainufacturer and can
be found in Tablé_3]3.

The diode capacitancgy; .., as a function of applied drain-source volta@jgs, can be

seen in Figuré_3.29. Also, the curve fit taken from SPICE is pamd with datasheet
values which show good agreement.
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Table 3.3 Parameter values for the internal body diode.

Parameter Source Value Unit
IS SPICE 8.70123 - 1012 A
N SPICE 1.18415
BV SPICE 100 V
ISR SPICE 15/2 A
CJO SPICE 1.909 - 10~10 F
YA SPICE 0.5 \%
M SPICE 0.395
FC SPICE 0.1
TT SPICE 1-1077 S
Vihermai SPICE 25.8-1073 \Y
NR SPICE 2
Ryey Approximation  1-10° 9

200 —

: : S C:DS(Curve Fit)
1504 ool O Cpspatasheet] |
% 1001
3
50 1
0 .
10° 10" 10°
Vps [V]

Fig. 3.29Drain-source capacitance as a function of applied Dram&»dvoltage. SPICE equa-
tions (solid line) and datasheet values.
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3.3.4 Switching With Purely Resistive L oad

Switching of the MOSFET when the load is purely resistivg, a.heating element, can
be considered the simplest case of switching and is selestedtest circuit for further
analysis. A typical schematic is depicted in Fig.-3.30.

+ O
tl] Rload

ITT
Lo

Fig. 3.30MOSFET switching circuit with purely resistive load.

Even this fairly simple circuit sets high demands on theuded models. This can be
illustrated by examining Figufle_3.81 that depicts a congmeribetween simulation and
measurement results. The measurements were made on a@mmsisting of many stray
elements, such as hard-wiring between the components aid svaund load resistor.

\oltage [V] / Current [A]

Time[us]

Fig. 3.31Switching circuit with hardwired layout and wire-wound tbaesistor. Measurements
solid line. Simulations dotted line.

The values of these stray elements can to some extent beniletelrif a simple circuit
is analyzed. Johannesson and Fransson [65] states thgtassible to determine val-
ues of the parasitic elements if the circuit is built in a coléd way. A controlled way
means e.g. that the characteristics of the ingoing compsraga well specified and that
the circuit layout can be easily measured in order to caleulae stray capacitances.
The switching circuit in Figure_3.31 was not built using aaydrable components (e.g.
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low inductive resistors or capacitors with a well defined el@dthis makes it virtually

impossible to determine the stray elements. Also, by magntine components on an
experimental board, several significant stray elementsnareduced in e.g. long wires
between components. All of these stray elements contriioufiee resonance circuit that
is formed in the circuit; the voltage overshoot or resonanequency as the MOSFET
turns off becomes virtually impossible to calculate duegnrmany unknown parameters.

These results can be compared with Figure 13.32 that depiotdation and measure-
ment results from a circuit with similar operating conditsabut utilizes surface mounted
components including a low inductive load resistor mourdeda fabricated PCB with
advantageous layout. One conclusion that can be drawn fresetmeasurements and
simulations is that the properties of the investigated senductor, in this case only a
MOSFET with a simulation model provided by the manufacturesults in fairly good
agreement between simulation and real life operation. Ai@ssmainly to do with the fact
that the MOSFET model, in this case the IFR7403 from Intéonat Rectifier Corpora-
tion, has been adapted to suit a switching event. As exglam&ectiori 2.5]7, the model
of the MOSFET can be a rather complex black-box componersisting of several non-
physical elements with the only purpose to model a corredickimg behavior. This is
not the intention with the MOSFET model proposed in thisithes

\oltage [V]/ Current [A]

Time[us]

Fig. 3.32Switching circuit with advantageous circuit layout and limductive load resistor. Mea-
surements solid line. Simulations dotted line.

3.3.5 Comparison of Simulations and M easurements

In order to verify the validity of both the SPICE model and pneposed MOSFET model,
results from simulations needs to be compared with measmemBY doing this, it can
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be seen that the black-box SPICE model provided by the matuiéa shows a switching
behavior that corresponds rather well with the measuresneae Figurds 3.83 ffio 3134.
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Fig. 3.33Switching circuit with IRFS20N Rgute = 11082, Rigq = 332, Vigr = 60V, Vyuise =
12V). Measurements: solid line. SPICE simulations: dashed lin
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Fig. 3.34Switching circuit with IRF520N R4t = 11082, Ripaq = 3.7 Viar = 25V, Vpyise =
15V). Measurements: solid line. SPICE simulations: dashed lin

The most noticeable difference comes from the turn-off edoce. As the gate-source
voltage reaches the miller-region and levels out, the esaurce voltage starts to fall. In
the measurement, this event takes much shorter time whightroe caused by a differ-
ence in the gate-drain capacitance as the MOSFET turnsigffréf3.35 anf 3.36 shows a
comparison between measurements and simulations withrdipeged MOSFET model,
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Fig. 3.35Switching circuit with IRF520N Ry = 11082, Rjpaq = 3392, Vg = 60V, Viyise =
12V). Measurements: solid line. Proposed MOSFET model: dakshed
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Fig. 3.36Switching circuit with IRFS20N Rgute = 11082, Rjpqq = 3.7, Vigr = 25V, Viyise =
15V). Measurements: solid line. Proposed MOSFET model: dalihed

The conclusion drawn from the measurements is that thenateapacitances, mostly the
gate-drain capacitance, is of great importance when it sameharacterizing a MOSFET
model adapted for a switching event. The proposed modelis fea the entire operating
range of the component, even though the value of the gate-dagpacitance to some
extent are based on extrapolations of measurement datainidombination with the fact
that the model is going to be used for deriving a suitablerotlet makes is sufficiently
good for this application.
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Chapter 4

Active Gate Control and Controller
Design

4.1 ActiveGate Control - Theoretical Derivation

As described in Sectidn 2.6.4, several methods have thoaigime been proposed where
the electromagnetic interference from a switched DC/DCveder is reduced by con-
trolling the gate-source voltage. In this section, a new whgontrolling the EMI from

a switched DC/DC converter by active gate control is progo3ée main idea behind
the operation principle is that the gate voltage is corgtbih such a way that that the
harmonic content in the desired output, either drain-seuoitage or drain current, is re-
duced. The proposed way to do this is by reducing the shampitians in the output. This
method shall not be mixed up with the traditional method of@asing the gate resistance
which in a way also accomplishes a lowered harmonic confestive gate control can
lower the harmonic content but also decrease the losseseash in[82].

Instead of using a trapezoidal shaped (can be seen as a stpu@oltage with a finite
rise time) gate voltage to switch the semiconductor, it isgide to control the desired
output in a more curved way by applying a corresponding gaitage. The desired output
can take several shapes, e.g. a sinusoidal transition ardedigree approximation. The
main purpose of this transition and what all applied curs@®should have in common
is the low harmonic content mainly due to rounding off shatges and avoiding sudden
sharp transitions. In this thesis, only the sinusoidalditzon is considered. Figufe 4.1
presents a comparison between a sinusoidal and a trapktzaitstion. The time traces
as well as the resulting frequency spectra is presented.

Figure[4.2 presents a schematic time functijfin) of the desired voltage waveforms with
linear and sinusoidal transitions.

Assume the rise time to e and the duty cycle to b®, expressed as fractional parts of
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Fig. 4.1FFT comparison of pulses with sinusoidal and trapezoidalsitions.



4.1. Active Gate Control - Theoretical Derivation

A

A

Fig. 4.2PWM pulse with sinusoidal and trapezoidal transitions.

the periodl’. One period of the functions can be written for the sinuddrdasition as

(-1 —IT<t<ty
fi = cos [tht+g (3—1)} t <t <t
fsine(t> = 1 tz S t S tg (41)
f2:cos[tht—g(§—1)] ts <t<ty
[ -1 ty <t <3
And for the trapezoidal pulse as:
(-1 —I<t<y
flztht‘i‘g t1§t§t2
frrap(t) = ¢ 1 ty <t <t (4.2)
fo=—Zpt+ 2 t3 <t <t
T
[ —1 W <t< 5
wheret, = (=D — t,) L, ta = (=D + t,) %, t3 = (D — t,) L andty = (D + t,) L.
The Fourier series expansion for an even function is:
f(t) = ) + ; ay, cos(nfdt) (4.3)
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wherea,, is determined by

T
t3 2

tg
4 4 4
ay, =— / 1 - cos(nft)dt + — / fo - cos(nQt)dt + + = / —1 - cos(nf2t)dt
T T T
t3

0 tg
After solving and simplifying the expressian can be written as, for the trapezoidal case:
4 1
ap =— -
T n2wt,

-sin(nnt,) - sin(nw D) (4.4)

a,, Will decrease as~2 which equals to -40 dB/decade. For the sinusoidal tramsftinc-
tion the Fourier component will be given as:

-4, L
7 n((2t,n)2—1)

Obviously,a, will decrease as?® for largen. The suspected singularity @t,n)? = 1
can be investigated as follows. Consider that

Ay —

- cos(nrt,) - sin(nwD) (4.5)

cos(nrt,) = —sin(nnt, — g) = —sin g(Qntr -1) (4.6)
and that
[(2t,n)* — 1] = (2t,n + 1)(2t,n — 1) (4.7)
Inserting [(4.6) and_(417) in(4.5) gives:
in T (2nt, — 1
an:él‘¥.fsmz(” ).Sm(nﬂp) (4.8)
T n (2,n+1) 2 F(2n-—1)
Since

sin §(2nt, — 1)

im _
2nt,—1-0  5(2t,m — 1)

—1 (4.9)

ay, is defined for every value af. This results in a theoretical proof of the statement that
a sinusoidal transition reduces the harmonic content \8idllB/decade.

4.2 Controller Design

In order to develop a controller that satisfies the demantbysthe principle of active
gate control, the proposed MOSFET model can be used to dappeopriate parame-
ters. However, the system is strongly nonlinear which mehasit is not possible to
apply straightforward techniques for determining an ati@golution. The common way
of dealing with a nonlinear system equation is to linearizdout an operating point. This
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approach gives a reasonably accurate solution for thefggmboutput around a specified
operating point. Consider the general nonlinear system

y(t) _ g(a(t), u(t)) (4.10)

wherex(t), u(t) and f are, respectively, the-dimensional system state space vector,
the r-dimensional input vector, and thedimensional vector function. Assume that the
nominal (operating) system trajectary(¢) is known and that the nominal system input
that keeps the system on the nominal trajectory is givefi ). It can be assumed that
the actual system dynamics in the immediate proximity ostygtem nominal trajectories
can be approximated by the first terms of the Taylor serieat iBhstarting with

x(t) = x,(t) + Ax(t), u(t) = u,(t) + Au(t) (4.11)

and
d t) = t t 4,12
23 En(t) = f(a(t), un(t)) (4.12)

we expand the right-hand side into the Taylor series asvisllo

%xn(t) + %Aw(t) = f(x,(t) + Ax(t), u,(t) + Au(t)) =

= f(zn +up) + (%) ) Az + (%) 5 Au + higher order terms (4.13)

Zn(

un(t)

Zn(

un(t)

Higher-order terms contain at least quadratic quantitiea® and Au. Since they al-
ready are small and their squares are even smaller, theohdgr-terms can be neglected.
Neglecting higher-order terms, an approximation is oladin

d of of
—A == A — A 4.14
e <8x) ey SO T (au) ety 200 (4.14)
un (t) un(t)
The partial derivatives represent the Jacobian matricendiy
(oA .. 9N
ox1 Oxn
of : :
— =A"" =] : : 4.15
<8x) xn(t) of o ( )
it AR A [
Un (t)
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of of
ox1 Oxn
g — RnXr _
01’ zn(t)
Ofn ... Ofn
Un(t) 8;1;1 8xn In(t)
Un (t)

(4.16)

If the same methodology is applied to the&limensional vector functiomthat governs the
outputs of the system, the expression for the how the outmitave around an operating
point can be expressed in an analogous way. If the Jacobitiitesaare evaluated at the
nominal points, that is, at, (¢) and f,,(¢), the linearized system can be expressed on the

form

A (1)
Ay(t)

= AAz(t) + BAu(t)
— CAz(t) + DAu(t)

(4.17)

If a switching event of the proposed MOSFET model is to be tated, the model needs
to be divided into three parts; turned-off region, lineagioa and the saturated region.
Depending on which region the MOSFET operates in, the statex® will change, but
the state matriB will remain the same. When the MOSFET is turned(@ffs = 0), the

state-matriXA becomes

[ -1 1 1 1 1
CasRS CgsRS CasRS Cas Cas
1 -1 -1 0 —1
CepRS CepRS CepRS Cep
-1 1 _R'r‘e’ufRS 0 0
CdiodeRS Cdiode RS CdiodeRTev RS
—Lqg —Ls 0 _Lst_Lng_Lng 0
Lsum Lsum LS’MTL
—L, Ly+Ls 0 LsRy—LgR. —LyRq—LsRy—LgR.
Lsum Lsum Lsum Lsum
—Ly—Lg Lg 0 LgRg—LgRy 0
Lsum Lsum LS’MTL
- 0 0 -
0 0
0 0
B = La+Ls —Lg
Lsum Lsum
—Ls Lg+Ls
Lsum Lsum
Lq Ly
Lsum Lsum

80

LsRg—LgRs

Lsum

0

—LgRg—LgRs—LgRs

Lsum

(4.18)

(4.19)
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where

Lawm = LaLg + LaLy + LyL,. (4.20)

For the active and linear region respectively, the stateimatbecomes

B —1-2KP-RS-Vogso—2KP-A\RS-VoaoVoasot2KP-RS-Vipo+2KP-X\-RS-Vogo- Vino 1
CasRS CasRS
142K P-RS-Vogsot+2K P-A\-RS-Voao-Vegso—2KP-RS-Vipnog—2KP-A\-RS-Voao-Vino —1
CapRS CepRS
1 1
C.RS C4RS
Aactive = —Lq4 —Ls
Lsum Lsum
—Lg Lg+Ls
Lsum Lsum
—Lg—L, Ly
Lsum Lsum
—1-KP-XRS(Vogso—Vino)? 1 1 0 |
CasRS Cas Cgs
1+ K P-ARS(Veaso—Vino)? 0 —1 0
CasRS Cep
_R're'ufRS
CyRrev RS 0 0 0
0 —LsRq—L4Rg—LsRy 0 LsRy—L4Rs
Lsum Lsum
0 LuRy-LyRs  —LyRa—L.Ra-LyF 0
Lsum Lsum
0 LgRy—LqRy 0 —LgRa—LaRs—LgRs
Lsum Lsum
(4.21)
[—1+KP-RS-Vogo+KP-A\RS-VZ 1 —2+K P-RS(3BAVZ ;0 +2(Veaso—Vino)+Veao (2+4AVeaso —4AVino)
CasRS CasRS CashS
1—KP-RS-Voao—KP-\RSVZ -1 2— K P-RS(3AVZ 10 +2(Voaso—Vino)+ Voo 2+4AVoaso —4AVino)
CapRS CapRS CasRS
-1 1 —Ryev—Rs
C.RS C.RS CyRrew RS
Alineal‘ = —Lg L 0
- S
Lsum Lsum
—Lg Lg+Ls 0
Lsum Lsum
—Ld—Lg Lg 0
Lsum Lsum
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1 1 ]
Cas Cas 0
-1
0 Ton 0
0 0 0
—LsRg—LgRg—LsRy 0 LoRy—LyRs (4.22)
Lsum Lsum
LsRy—LgRs —LgRg—LsRq—LgRs 0
Lsu'm LSU"L
LyRq—LqR, 0 —LyRy—LyRs—LgRs
Lsu'm LSU"L

The step response of the proposed linearized model can badeigure 4.8. In the figure,
a small voltage step (3V to 3.1V) is applied on the gate-sotganinal of the component
when the component is operating in its linear region. Thaelteérom SPICE simulations
and the proposed MOSFET model show good agreement bothefgiatie-source voltage
and the drain current, but a small difference can be seer ifitlearized model is ana-
lyzed. This discrepancy is clearly reasonable due to tleatimation around the specified
operating point. Several different operating points weralyzed and the conclusion is
that the linearized model shows good agreement with the SRiGdel when it comes to
small signal analysis.

If the linearized model and the SPICE model are verified ajai@al measurements,
significantly larger discrepancies can be noticed. Figufeshows a comparison of mea-
surements and SPICE simulations of the small signal regpornihe active region. The
difference can mainly be explained due to deviations inctethavior between simulation
models and real components, see Section|3.3.2 for furtipdauation and measurements.
Due to practical reasons such as internal heating of the ocnem, simulation results are
hard to verify with a practical measurement for higher cotse

0.08
3.14 -
0.07
2 3,08
g <
S 3.06] 5 0.06
8 s
5 ®]
3 3.04 £ 0.05
[ a
3 3.02{ Spice ‘ —— Spice
’/ = = = Full model 0.04 [ | = = =Full model
3 Lin. Model I Lin. Model
0.03
1 11 1.2 1.3 1 11 1.2 1.3
Time [us] Time [us]

Fig. 4.3Comparison of the step response of different MOSFET modtel. Vs Right: I'p
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Fig. 4.4Measured step response compared with simulation moddis. Wy Right: Ip

Since this thesis deals with switching procedures, theegystill operate in all of the
preceding states. The selected switching needs bo be adady broken down into dis-
crete operating points where the first task is to identifycliarea the model is operating
in. Note that the proposed methodology only gives a rule ofrth when designing the
controller, when designing a controller that is fully vadider the entire operating range,
other methods such as exact linearization should be useshthsThe method of exact
linearization is described in [77] and a computer basedisogmtesented i [78].

4.3 Selecting the output of the system

Once the state matrixes andB are known for all operating points of the system, the
matrixes that determine the outputs of the system, matxesdD, must be defined.
These matrixes do not vary depending on the operating gminthe will differ depending
on the desired output. Basically there are two differemaig that can be of interest; the
component drain-source voltage and the drain-currentdfwisi the same as the current
through the load when the system consists of a purely resikiad). Depending on the
output, the state-matrixés andD can be defined as

Cvas=[0 0 0 0 —1 Rypsternal) (4.23)
Dvas = [0 0] (4.24)

Ca=1[0 00 0 1 0 (4.25)

Dig = [0 0] (4.26)
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When the MOSFET is turned offf s = 0), a small change in the gate-source voltage
will not affect the desired output in a significant way. Thigans that the gain of the
system will be low as seen in Figure 1.5. Also, since it is debkto boost the gate-source
voltage to a level just beneath the threshold voltage juistrbehe switching event, the
subthreshold region is of lower importance when the coletred designed. More discus-
sions on this topic can be found in Chapter 5 where differegthwds are considered in
order to optimize the physical implementation of a suitataletroller.
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Fig. 4.5Bode diagram of the transfer function frovy:s to Ip. Vgs = 1V andVpg = 25V.

Since the MOSFET are operating under a dynamic proced@weptdrating points that the
system experiences during the switching transient can @@obsidered as steady state
solutions. Several operating points in the vicinity of thetshing event depicted in Figure
[3.36 were selected and analyzed where an example of théardumsction of the system
operating in the active region is shown in Figlrel 4.6 and thmio region is shown in
Figurel4.7. The bode plots clearly show that the gain of tlstesy depends on the output
(drain-source voltage or drain current) which needs to kertanto consideration when
designing a suitable controller.

In order to implement a suitable controller, the system sdede evaluated in both the
ohmic and the active region. The problem that inevitablyuosdy this transition via
the previously defined stationary points is that the systéliremer undefined operating
points; the previously analyzed switching event is brokewmlinto some discrete operat-
ing points for which the system is defined, but for the areaben these points the system
will still be undefined. In order to get a controller that istable for the entire operating
range, other methods such as exact linearization shoulddx tiowever, the purpose of
this approach is solely to investigate if there is a potétaidesign a controller on a basis
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Fig. 4.6Bode diagram of the transfer function frofiay s to Ip. Vog = 4.4V andVpg = 25V.

of the obtained parameters and if an adaptive controlledgjpetter performance.

If Figured 4.6 anl 417 are compared, it can be seen that thegaés strongly between the
two operating states. Just as the gate-source voltagedsxt®ee threshold level, a small
increase in this voltage gives a large increase in the ouljmih when the drain-source
voltage and the drain current are specified as outputs. Angqtioperty of the system
is that the ingoing constants in the state matrite®, C andD varies as the switch-

ing event continues. This gives a system with varying prisggrsee Figure 4.8 where
the gate-source voltage is increased but kept within theeaotgion. These changes in
the state matrixes as the system is moved along its trajector result in two different

scenarios; either can the controller be designed so thatstexhaustive coverage of all
operating points or it may need adaptive control which iggtigated further in Section

B3
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4.3. Selecting the output of the system

The bode plot of the system resembles the bode plot of a fid&r@ystem; hence can
a reasonable approximation be made by translating the legquéncy properties of the
system into a first order system. The transfer function oftthal system(,,,, can be
written as

—4.8e7- 5> —1.4e20 - s* — 1.7€30 - s> — 7.2e38 - 5% 4+ 2.9¢48 - 5 + 1.2e57

4.27
56 +2.9e12- 55+ 7.9€22 - 54 + 5.6e32 - 53 +4.0e41 - s2 + 7.7e49 - s + 2.2e56 ( )

which equals a sixth order system. However, the dominargspof this system can be
found at a relatively low frequency, the system can be apprated with a first order
system on the form

Qe

Geys = ——. 4.28
Y s+ a. (4.28)
The transfer function if.(4.27) can now be expressed as
1.47 - 107
= 4.2
Gy s+ 2.88-106 (4.29)

which is a suitable form for designing a controller. Figur8 4hows a bode plot com-
parison where the difference between the total and the gietpkystem is shown. By
expressing the the system as a first order system, the denttekign can be significantly
simplified and most important of all; it can be made accordimghe method of loop-
shaping which is a special case of the Internal Model CorftMC) design procedure.
This method is thoroughly explained by Harnefors in [79].
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4.4 Controller Design

The basic operating principle of the complete closed logtesy including a controller
is depicted in Figure_4.10 where a block diagrams is preddnteboth the drain current
and the drain-source voltage selected as the controlleatitya

*

]DS +< ) VGS ]DS
Fc g GSYS >

V;)ks + VGS V DS,
F c g GSYS

v

Fig. 4.10MOSFET switching circuit with purely resistive load.

Since the transfer function of the systef,,,, can be approximated with a transfer func-
tion of order one, the controllef., can b selected as a simple Pl-controller; the order
of the controller does not need to be higher than that of timérotbed process. The idea
is to specify the desired rise time (10% - 90%) of the closexh Isystem. If the transfer
function of the systent;,, is known, it is apparent that the closed loop transfer fionct

of the total closed loop system depicted in Figure .10 capbb@ned according to

_ F(5)Guyals)

1+ F.(5)Gsys(s)’
whereG,, is the closed-loop transfer function ai(s) is the transfer function of the
controller. In Figurd_4.11 the step response of the open &ygem from a unity step
applied to the inputl(ss) is seen as a solid line. The step response of the system if a
unity step is applied results in a large remaining error; raorghat can be eliminated by
applying a well designed controller.

Ga(s) (4.30)

By using the IMC-method, a controller can be designed thaaigl around a specified
operating point. In order to obtain the closed loop tranfsfiection in [4.30), the controller
F.(s) must be designed according to

Qe

F.(s) = . G,L(s) (4.31)

sys

whereq, is the desired bandwidth of the total system. A suitablerodiet for the system
in (4.29) can then be expressed as

a. [ 147-107 \ 7
Fus)=2 (=2 4.32
(s) = (s+2.88~106) (4.32)
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where the bandwidth is determined hy. To verify the method, the step response of the
system can be studied. The dashed line in Figure 4.11 showthiecssystentz,,(s) taken
from (4.29) behaves when a controller circuit with rise titdgs is implemented.

35 :

\oltage [V]

0 5 10 15
Time [us]

Fig. 4.11Step response of the transfer function fré@s to Vpg. Solid Line: Without controller.
Dashed Line: Closed loop system with controller.

The method proposed by IMC works and gives the desired seaplfilied to the system.
However, one concern still remains and that is how the chaimggystem parameters will

influence the controller design.
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Chapter 5

| mplementation of Active Gate Control

In order to realize a control circuit for active gate conttbe control strategies that were
derived in the previous section are now implemented. A gadcschematic of how the
proposed controller structure is realized is shown in Feglud where the magnitude of
the error depends on which output quantity§ or Ip) that is desired to control.

R2 C R[ond
error :IJR’ ‘|_:E | C:D

Fig. 5.1 Principal schematic of the controller circuit implemenie@&PICE.

According to the reasoning in Section4.4, a suitable cdletravould consist of a propor-
tional and a integral part, a Pl-controller, with the tramgtinction

K;
-
This controller can be realized with help of operational &figps according to the circuit
depicted in Figuré 511. The proportional gain is determiogd

F.(s) = K, + (5.1)

Ry
K =_= 2
and the integral gain is determined by
K= (5.3)
"RC '

Note that the circuit in Figurie 5.1 produces a negative geltdence, an inverting voltage
follower or summer must be attached between the contraliewitand the MOSFET in
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order to obtain a functioning circuit. One other importaspect of the controller design
is to guarantee that the output of the operational amplierdeliver sufficient current.
As the gate-source voltage increases above the threshitddj@pa charge of the internal
capacitors will start which causes a high flow of current. Ppkeak of this inrush current
is mainly determined by th&C'-link formed on the gate terminal of the component and
can consequently be limited by selecting a larger gatetogsis

An FPGA is used to generate the sinusoidal shaped referemeefavm [80], see Figure
for a photo of the measurement setup. Due to limitatinrise FPGA-circuit, the in-
vestigated rise times and switching frequencies are ldhtie certain number of discrete
steps in order to avoid jitter. The frequencies and riseesimre presented in Talple’5.1 and
are consequently the subject of investigation for all upogrmeasurements.

Table 5.1 Switching frequency and rise-times of the refezamaveform.

Frequency Rise Time [%0] Rise Timg4]
2464Hz 10% 40.6s

1% 4.Qus
493Hz 10% 202.8s

1% 20.3:s

Fig. 5.2Photograph of the FPGA reference waveform generator antdodien circuit.

According to the reasoning in Sectionl4.4, the design of tmeroller circuit can be made
according to IMC which requires a small signal analysis atban operating point. The
approach analyzed in this thesis is based on discretizafitime switching event, both
turn-on and turn-off, where each operating point is analyindividually to form a con-
troller that will vary during the event. The external paraens are chosen correspondingly
to Figure 3.36 wher&,,;, = 25V, V e = 15V andRy,qq = 3.752. The analyzed operating
points during the turn-on switching event (for only the &leal circuit system excluding
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the controller circuit) are shown as circles in Figlre 5m3tatal 16points excluding the
subthreshold region. In all forthcoming reasoning, therafieg points that are discussed
refers to this figure.

25+ ‘
Vs
Vos
201 O Operating Point |
S 1571
(4]
g
2 10+ |
Point 1
5_ a . B
o
0 %0000 00 00
0.2 0.3 0.4 0.5 0.6
Time [us]

Fig. 5.3 Proportional and integral gain variations for a suitabletoaler during a switching event.

5.1 Step Responseof the System

In order to evaluate the closed loop system, the step respirtbe system is evaluated.
The entire switching event is discretized into operatino{sy each evaluated separately.
Figure[5.4 shows all analyzed operating points (in totalodl®s excluding the subthresh-
old region) for only the electrical circuit system duringriton excluding the controller
circuit. The variations in both the proportional gaifi,{) and integral gain ;) for the
analyzed switching event with a resulting rise-time pk4re shown on the right axis in
Figured 5.4 an 5l5. The same analysis was performed to ivetiievent even though
the discretized event is not shown here.

Based on measurements and simulations for the currenttojgease and for all rise-
times specified in Table 8.1, it can be concluded that the mgisable controller with
fixed parameters is always the one derived from the begirofitige turn-on event (point
1 in Figure[5.4). If controllers from the following operatimpoints are used (i.e. points
2 and up in Figuré5l4), the step response becomes highbyrigidt The most probable
explanation of this relationship is that the integral gafrthee controller becomes too
large in order to initialize the switching event. This isgtrated in Figure 516 where the
step response for the system including a mathematicallyatecontroller for the first
operating points in the active region is shown. The simafatiesults from the SPICE
model and the proposed simulink model show good agreement.
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Fig. 5.4 Proportional and integral gain variations for a controlléth ¢,.;,. = 4us during

ing event,ipg selected as output.
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5.1. Step Response of the System

Also worth noticing in Figuré 516 is the difference betweka teal rise time= 1.5us)
which is significantly faster than the desired rise timies). This discrepancy is seen for
all rise times specified in Table 5.1 and is most likely exptai by the change in the in-
going parameters as the switching event proceeds; a clemtdarived for the initiation
of the switching event is not suitable any longer at the enth@fswitching event due to
changes in the system parameters suafias.

7 7

6 1 6 1 <
< 9] < 51
S 4] Increasing S 4] | Increasing
3 operating point 3 operating point
% 31 ‘ ‘ ‘ é 31 '
© | o ]
8 2 y 8 2 y
;: 11 reference § 11 reference

GS, spice GS, spice
of of
VGS, simulink VGS, simulink|
-1 -1
0 1 2 3 4 5 0 1 2 3 4 5

Time [s] Time [us]
Fig. 5.6 Simulated step response with derived controller strustupeselected as output, step from
OAto 6A. 4us desired rise time. Note that the dashed line is not visibketdwverlapping.

7 7
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1< : - I —
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> 21 S 21
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GS, measuref IDS, measured
-1 -1

o

1 2 3 4 5 1 2 3 4 5
Time [us] Time [us]
Fig. 5.7 Measured step response with derived controller structiifeslected as output, step from
OA to 6A. 4us desired rise time.

o

The previously derived simulation results are also validéal measurements, see Figure
5.7 which shows the measurement results for the same apg@nditions as in Figure
[5.14. Once again, the difference in static behavior betwkersimulation models and the
measurements can be noted, see Settionl 3.3.2. Here isntdstseen as a difference in
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threshold voltage which results in a slightly higher gaterse voltage in the measure-
ments {;, ~ 3.5V) compared with the simulation¥y, ~ 2.8V) in order to reach the
same current level. Once the switching event is initiatéd,za 0.2, the measured dy-
namic behavior show good agreement with the simulatiortsesu

The mathematically derived controller can be compared wittontroller derived with
Ziegler-Nichols method as described in[81]. The criticaingof the system is found to
be approximately 20 timeds{. = 20) and the self oscillation period/}) to be 170ns
(~ 5.9M hz) around the current operating point. According to Ziedligchols a suitable
proportional gain can be found by

K, = 045K, (5.4)

and a suitable integral gain as

K; = 1.2K,/T, (5.5)

which in this operating case givés, = 9 and K; = 6.35 - 107. If these parameters are
applied to the controller structure in Figurel5.1, the rssbhkecome slightly better than
the one obtained by the mathematical derivation, see Higdrelhis method gives a fast
controller with a small overshoot of the controlled quanfithe rise time is not control-

lable in the same sense as with the previous controllertsiricit is rather determined

by the system and controller properties. The controllepproes that determine the rise
time is the ability of the controller to deliver sufficienthygh voltage without saturating

and the amount of current that the driver circuit can deliver

7
\Y;
f i
15 v 6
controller — |
Vv S
GS ?, 4
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| ‘ S 1
= Tref
o |
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0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
Time [us] Time [us]

Fig. 5.8 Simulated step response with controller structure acngrti Ziegler-Nicholsi,; selected
as output, step from OA to 6A.

Another difference between the two simulation models thatarth noticing is the differ-
ence in performance of the controller system. In the Matladeh the controller structure
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consists of a plain transfer function which gives an ideafiqgyenance on the basis of the
derived parameters. In SPICE, the controller circuit catissif a model of the operational
amplifier provided by the manufacturer (In the test cirahig high speed operational am-
plifier LM6171 from National Instruments Inc. is used as colr and driver circuit)
which in turn contains other parasitic elements that willsma certain delay.

If the drain-source voltage is selected as output, the samewsion still apply; the most
suitable controller is always the one derived from the begig of the switching event.
This can clearly be seen if the step response for the systeloding a mathematically
derived controller for the first operating points in the aetregion are compared, see
Figure[5.9. Note that since the drain-source voltage isg®avhen the MOSFET turns
off, the parameter extraction is based on the turn-off event

30— : : : : 30
25, reference i 25 reference

_ : Ves _ Vbs

< < i

£ 20 £ 20 DS

5 5

2 15] 2 15

= =

(] [

g 10; g 10

S S
0 - - - - 0 : - - :

0 2 4 6 8 0 2 4 6 8
Time [us] Time [us]

Fig. 5.9 Simulated step response with derived controller strusturgs selected as output, step
from 20mV to 25V. 4us desired rise time. Note that the dashed line is not visibke tdu
overlapping.

Once again are the simulation results from SPICE and theogegpsimulink model very
well corresponding. If measurements are compared to théaiion results, the most sig-
nificant discrepancy that can be seen is the gate-souragedhreshold level, see Figure
[5.9. Note that the simulations and measurements are vegndept on the specific shape
of the reference waveform; e.g. offset voltage. If the ocolfér can not lower the voltage
sufficiently due to conduction resistance of the comportbatgcontroller will saturate and
it will inevitably take longer time to lower the gate-sounsdtage. In an ideal case, the
drain-source voltage will always track the reference wasraf but due to non-idealitys
it is not always possible. In order to minimize conductiosdes it it also of great inter-
est that the MOSFET is fully turned on or off, respectivelyieh contradicts that the
output shall be tracked along a trajectory for an entire @vintg period; it may be more
advantageous to just track the switching event and oncdintighed, make sure that the
component is fully turned on or off by some external cirguitr
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Fig. 5.10Measured step response with derived controller structlifgs selected as output, step
from 20mV to 25V. 4is desired rise time.

Another problem that will appear when the drain sourceagstis selected as output is
the delay that occurs before the voltage start to rise. Téligydoriginates from several
factors parts; the delay in the controller circuit and theexpof the controller which
affects the time it takes for the controller to lower the gatéage to reach the Miller
region. Measurements shows the same results and verifyntidegions, see Figuife 5.110.
One way to minimize the problem is to slow down the controlbert simulations shows
that the delay will always cause some delay in the circuibi@ethe drain-source voltage
starts to rise.

5.2 Sinusoidal Step Response of the System

In order to implement active gate control, not only the segponse of the system needs
to be evaluated, the behavior when a applying a sinusoittabmrece waveform also needs
to be analyzed. Figute 5.]11 shows the simulated responbke ef/stem with 5 selected
as output when a sinusoidal reference witls 4ise time is applied. It can be concluded
that the SPICE model gives more accurate results compartédnéaasurements due to
the delay in the controller. The simulink model gives a simgtep response but slightly
faster due to the lack of delay. Measurements show that théESRodel shows good
accuracy, see Figuke 5]12 where the same sinusoidal stpplisdas reference voltage.
Also, if a controller with parameters derived by the Ziedigchols method is simulated,
a slightly better result is obtained, see Figure .13, tdrotler is s
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Fig. 5.11Simulation results with sinusoidal referen¢g,. = 4us. I selected as output.
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Fig. 5.12Measurement results with sinusoidal referenigcg, = 4us. I selected as output.
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Fig. 5.13Simulation results with sinusoidal reference, Zieglecidils controllert,;sc = 4us. Iy
selected as output.
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Chapter 5. Implementation of Active Gate Control

If the sinusoidal step response with s selected as output, the previously mentioned de-
lay becomes even more significant, see Figure|5.14. In tisis bas delay not so much
to do with the internal delay in the controller circuit as @&dto do with the time it takes
for the controller to respond and lower the gate-sourceageltto a suitable level. This
delay was also observed by Holst and Futanélin [2], theiraggir was to implement an
external circuitry that pre-charges (or pre-discharges)jate-source voltage just before
the moment of transition. Also, a rather big discrepancy lmarseen SPICE results and
the results obtained by the Matlab model. This deviance tik@y origin from an inad-
equate description in the gate-drain capacitance for thieaofsition.
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Fig. 5.14Simulation results with sinusoidal referen¢g,. = 411s. vps selected as output.
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Fig. 5.15Measurement results with sinusoidal referencg, = 41s. vpg Selected as output.

The results presented in [2,/82] showed that a slight imprmré is possible by precharg-
ing the gate of the MOSFET. This investigation was perforraedn early stage of the
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5.3. Controller Design With Varying Parameters

project and it was decided that a more theoretical approashtavbe investigated, hence,
this thesis was focused on semiconductor modeling andidgrsuitable controller pa-
rameters instead. The external precharging circuitryeiased the cost and the complexity
of the circuit and made it rather sensitive to changes inaipgy conditions, e.g. supply
voltage and reference voltage variations. All in all, thehteque of external precharging
was considered not worth investigating further due to thkssdvantages.

Although an external precharging was found to be too complex idea can still be
adapted to modern technology such as digital control. lemtm make precharging more
versatile and suitable for this type of system it can be dfrigdt to completely imple-
ment the precharging circuitry within a digital controll&y doing this, the gate control

is entirely embedded in an digital environment which faaies both adaptive control (see
next section) and removes the need for external circuitiyititreases/decreases the gate-
source voltage once the transition has been passed. Howleigekind of digital control

is out of scope of this thesis and can be considered to be eresting subject for further
investigations.

Based on simulations and measurements it is concludedhéatrain-source voltage is
hard to control due to several reasons. The foremost diséalya when controlling the
drain-source voltage is to adjust the reference voltagedatrrent operating conditions.
This means that when the MOSFET is fully conducting, theag#tdrop that becomes
present over the component must be accounted for when comgplae measured voltage
with the reference voltage. If these two voltages does notspond, i.e. the reference
voltage is lower than the measured voltage, the controliésaturate. The forward volt-
age drop over the MOSFET depends on several factors whegathesource voltage is
one of them. Also, in addition to finding the low level of théer@nce voltage, the high
level also needs to be adjusted depending on the operatimdjticms (i.e. supply volt-
age). Parts of this reasoning are of course also valid whetralbng the drain current;
the main difference is that when the MOSFET is turned off dign current also goes to
zero which gives no need for adjusting the reference volag# during this time. Hence,
all further investigations focused on controlling the draurrent.

5.3 Controller Design With Varying Parameters

The controller designed with the proposed method must bd wakr the entire operat-
ing range of the MOSFET, all parameter (e.3:p) variations included. The reasoning in
previous sections have shown that the parameter variai@tso big for the controller to
handle. This gives the need for adaptive design of the cletqgarameters; i.e. the con-
troller parameters shall be adapted during the switchigsition itself in order to better
suit the system. This section is entirely based on the@leteasoning and simulations
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Chapter 5. Implementation of Active Gate Control
due to practical complications.

Variable controller design can be implemented in sevefé&r@int ways. Holst/[2] sug-
gests that a switch can be implemented in the feedback-biye controller that changes
a desired control parameter, proportional or integral gaiming normal operation. The
gain can be varied between the turn-on and the turn-off ewetite gain can be varied
during switching event itself. Previous studies in thissiedave shown that the controller
parameters ought to be different during the turn-off coragdo the turn-on, see Figure
[3.25 where the two different trajectories are shown. Thithawacan be implemented with
two different methods; via external circuitry, e.g. a sWwitc the controller feedback loop,
or digital control. The first method is considered not suéahue to insertion of parasitic
elements in the sensitive feedback loop and the second ohédsoout of scope for this
thesis.

If the gain is to be varied during the switching event whendbetroller is working to
keep the desired reference, a sudden change in e.g. thesirdag can cause the integra-
tor to wind up. Hence, a more suitable method might be to iresdigital potentiometer
(DCP) in the feedback loop of the controller circuit, seeur@&5.16, and gradually con-
trol the gain in a predetermined way. Kamdal and the authdristhesis showed in [80]
that this method is possible to implement with help of an FP8#éwever, the investiga-
tion was aimed at investigating the possible use of DCP't@nféedback loop; the final
results are not directly applicable to this thesis which esathe results slightly out of
scope. This method can be considered to have great poss#iélind is a good subject for
further investigations.

FPGA

DCP H

error

DCP

Fig. 5.16 Measurement results with sinusoidal referengg, = 4us. vpg selected as output.

Once the method of controlling the feedback parametersasiee, the actual controller
parameters values must be determined. As indicated inqaregections in this thesis, the
controller parameter extraction can be based on a linanzedel of the entire system.
Although this method is not completely stringent from a cohtheory point of view,
it might result in approximative controller parameterstaliie for this type of applica-
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5.3. Controller Design With Varying Parameters

tion. The control parameter variation can be based on tlvemasios K, K; = f(vas),
K,,K; = f(vps) or K, K; = f(vgs, vps). If the parameters are based on only one vari-
able, a simple one dimensional curve fit can be made in ordexttact the parameters,
see Figurels 5.17 and 5]18 where the proportional and ingagjraare plotted as functions
of Vs andVpg respectively.

Since the entire system, including the MOSFET, is implemeémt Matlab, it is rather
simple to implement a variable controller. The simulatiesults for a system including
controller with a total rise-time ofy.s are presented in Figure 5119 where the dashed line
represents the step response of the closed loop systenolbemprarameters determined
by only the drain-source voltag&(,, &; = f(vps)) and the solid line represents the step
response if the controller parameters are determined hyeteesource voltages(,, K; =

f(UGs))-

7
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10 8
— kp, curve fit — ki, curve fit

81 le} kp, calculated -~ 6 o ki, calculated.
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< 4]

2 i

0

0 5 10 15 0 5 10 15

Gate-source voltagéd/] Gate-source voltagd/[]

Fig. 5.17k, andk; as a function of the gate-source voltade,s, during a switching event.

It can be noticed that the rise time for the system is appraieiy 9,.s which is longer
than the desired rise timée(s). Also, the step response of the system is controlled with
no overshoot. If results from simulations with adaptivetcolnare compared with results
from simulations with fixed parameters, see e.g. Figureitc@n be concluded that adap-
tive control gives a more suitable step response with nostnt, yet slightly slower than
the desired rise-time.

One reason for for the prolonged rise time of the step responght be the simplifica-
tions made to the transfer function of the system, see egyr€fi4.9. This simplification
implies that the derived controller parameters are apprakons to actual parameters
that suits the system. Another contributor to the errorésd@viance in operating points;
since the trajectory experienced by the system during #& re&sponse most likely will
not fit the exact trajectory during the linearization prag;dle obtained control parame-
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Fig. 5.18k, andk; as a function of the drain-source voltadés, during a switching event.
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Fig. 5.19Measured step response with variable controller strustugeselected as output, step
from OA to 6A. 4us desired rise time. Dashed lindS,, K; = f(vps). Solid line:

Ky, K; = f(vas)

ters can be inadequate. This divergence is a well known &harhg with the proposed
methodology as explained in previous sections.

In order overcome, or at least minimize, the problem withifigdsuitable controller pa-
rameters when the proportional and integral gain changesgla switching event, the
two controller parameters can be made dependent on twdlesi&’,, K; = f(vas, vps).
In Figure[5.20, three different switching trajectories shhewn as a function af s and
vgs. Each switching trajectory are valid for the investigatgstem with different external
voltages applied, i.e. the supply voltagges and the peak value af;s is changed.

Based on these three switching trajectories obtained bylatians of the system without
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5.3. Controller Design With Varying Parameters
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« 6 8
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Fig. 5.20k, as a function of both drain-source and gate-source voltagegla turn-on event.

Three different switching trajectories.

controller, the proportional and integral gain can be dakewd in several discrete oper-
ating points in the vicinity of the trajectory. This is exigcthe same methodology as
described in Figure 5.3, but adapted for three differentatpey conditions. Based on
these trajectories, an approximative surface can be cré&a® which the approximative
gain, both proportional and integral, can be interpolatecafl operating points that the
system may experience, see Figureb.2kfesurface anfl5.22 fdr;-surface. Once again
it shall be noted that this methodology is not completelingent from a control theory
point of view; the obtained gains shall rather be seen aseaofithumb.
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Fig. 5.21Interpolated surface fok, as a function of both drain-source and gate-source voltage
during a turn-on event.
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Fig. 5.22Interpolated surface fok; as a function of both drain-source and gate-source voltage
during a turn-on event.

The main conclusion drawn from the variable gain is that #sponse of the system
is strongly determined by the controller parameters. Stheefitted surfaces have high
derivatives (e.gok,/Jvps andok, /Oves) and large variations in parameter values around
the trajectoriesk, varies with almost a factor of 200 arigl varies with approximately a
factor of 100), the system becomes sensitive to small clsingeltage. This can clearly
be seen in Figure 5.23 whetg and k; are plotted during a switching event where the
surface fitting shows large fluctuations around the switgliajectory. In this case, the
controlled parameterlf,s) also show a relatively large tendency for oscillationsnéte
the fitted surface must be chosen very carefully in order todathese fluctuations. The
chosen operating points might not have been sufficient oratiexs in the calculated
gains might have led to a bad surface at which the gain arepitged.
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Fig. 5.23Variations ofk, andk; with adaptive control, worst-case scenario with bad serfating.
trise = 4us andipg selected as output.
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5.3. Controller Design With Varying Parameters

By carefully fitting the surface to the calculated gain, gl#iy better step response can be
obtained from the closed loop system including controlenpared to a system without
adaptive control, see Figure 5124. Yet, the step resporssid isot ideal; some fluctuations
can still be observed and the shape is not ideally expongtigthe rise time is close to
the desired!us.
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Fig. 5.24Simulation results with adaptive contrdk,, K; = f(vgs,vps), trise = 41S. vps
selected as output.

Since this system is intended for switching with sinusotdatsitions, the validity of the

system was tested thoroughly with sinusoidal referenceages, see Figuie 5]25 for an
example waveform with,;,. = 4..s. Based these simulations is can be concluded that the
previously established reasoning holds true; when thealbert parameters are solely de-

termined byVps or Vs the system response is not adequate due to a mismatch between

the controller parameters and the current operating point.
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Fig. 5.25Simulation results with adaptive control and sinusoidainsition. Left: K,, K; =
f(vgs), Right: K, K; = f(vgs, vps)
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An example of this deviance can be seen Fidurel5.25, lefugctwhere a sinusoidal
reference voltage with,;.. = 4us is applied to a system witlk,, K; = f(vgs). By
making the controller parameters dependent on bgthor V55, the system response gets
slightly better, see Figufe 5.25, right picture, whéfg K; = f(vas, vps). Once again,
the controller parameters from the fitted surface does niiegnmatch the analytically
obtained values for the current trajectory which can be seen small superimposed
oscillation on/pg.

5.4 Robustnessof the Circuit

In order to evaluate the system stability and usefulnessitportant to verify the circuit
in different operating conditions. Until now, only one oging case has been evaluated;
this section deals with problems that can arise the the tpgreonditions are changed
and discussions regarding the system versatility. As ptesly discussed, it if found more
advantageous to control the drain current than the drainesovoltage. By doing this,
only one voltage level of the waveform has to be varied if thepdy voltage changes.
This is illustrated in Figuré 5.26 where three different siations with varying supply
voltage are presented. As seen, only one of these voltag®3 (8sult in a correct shape
of the controlled quantity. For the other two cases, 17V a\ the reference voltage is
lo longer adapted to the maximum drain current which causesaontroller to saturate
and the controlled quantity be distorted. For reasons gbkaity and the illustrative pur-
pose of the figure, the simulations were made with fixed cdletrparameters.
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Fig. 5.26Simulation results with sinusoidal transition and varyiC-supply. Vpo =
17V, 22V 25V,

The same conditions also apply when the voltage level oféference waveform is al-
tered, see Figurle 5.7 where three simulations with vargeéfgrence voltages are pre-
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sented. For the case whérgg» = 6.0V, the MOSFET is not completely turned on which
causes high conduction losses. On the other harid;4f- = 7.0V, the actual value of
the current will never reach the reference voltag&A4) which causes the controller to
saturate. This saturation leads to a distorted drain cudwernng the turn-off event (not
seen in the figure). The best performance is achieved Wher = 6.5V, hence, some
kind of adaptation of the reference waveform is needed ihgka in supply voltage are
to be handled in a suitable way.
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Fig. 5.27Simulation results with sinusoidal transition and varyiegerence voltageVrepr =
6.0V,6.5V,7.0V.

C. Kamdal and the author of this thesis showed in [80] that passible to adjust the

reference voltage to the current operating conditions ttip of an FPGA. However, the

project was aimed at investigating the use of an AD-convéstmeasure the supply volt-

age; the final conclusion is not directly applicable to thissis which makes the results
slightly out of scope. Other parameters that will influeregwitching event, e.g. internal
parameters in the MOSFET, including temperature depermdane not evaluated.

5.5 Switching L osseswith Active Gate Control

By implementing active gate control, the switching lossas loe reduced with up to 25%
as described in_[82]. This is based on an assumption thatdhsition is purely trape-
zoidal as seen in Figufe 5]28 where the simulated switclisggs are shown for a sinu-
soidal and a trapezoidal transition with,. = 20us. The switching losses (shaded area
in Figure[5.28) for the sinusoidal transition and trapeabtcansition are approximately
0.60mJ and 0.52mJ, respectively.
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Fig. 5.28Comparison between simulated switching losses in the MAS6iE&,;. = 20us. Left:
Sinusoidal transition. Right: Trapezoidal transition.

However, in some cases the transition is not really tragiettais suggested in Figure 5.28.
For an inductive load with freewheeling diode the typicambs of the voltage and cur-
rent waveform can be seen in Chajpter 2.5.5and]2.5.5. If daiionis made for this case

where the current is not controlled during the switchingvee. a regular hard-switched
converter, the results in Figure 5129 are obtained. Thechimg losses are now slightly

lower than those obtained with a sinusoidal transition2td for the hard-switched case
and 0.52mJ for the previous sinusoidal case.
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Fig. 5.29Comparison between simulated switching losses in the MAS6iE ;. = 20us. Left:
Sinusoidal transition. Right: Hard switched transitioriwfreewheeling diode.

Note that caution has to be taken if the sinusoidal switchiagsition is made too long.
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5.5. Switching Losses with Active Gate Control

In Figure[5.30 the transition for two different transitiames are depicted;.;,. = 4us
andt,;s. = 40us. For the case where the switching timetis. = 4us, the energy dis-
sipated in the component during one switching event is aqmately 0.09mJ and for
trise = 40us, the energy dissipation is approximately 1.0mJ. From tinmikation it can
be concluded that if sinusoidal transitions are to be impleted, the energy dissipation
in the component during the switching event has to be thdryugvestigated. For the
current switching frequency 2464Hz, the switching lossas loe calculated to approxi-
mately 4.7W which can be considered relatively high for thfge of application. So, if
t.ise = 40us is applied to the component at the current operating casemost likely to
break due to a too high junction temperature. However, usglecial circumstances there
might be an application for this type of switching, e.g. faghhvoltage DC/DC converters
operating with IGBT’s where the switching frequency is etlow.
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Fig. 5.30Comparison between simulated switching losses in the MASEEft: ¢,;5c = 4pus.
Right: ¢,.;5c = 40us.
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Chapter 6

Conclusions

In this thesis a new approach to MOSFET modeling have beesepted. The proposed
model was used to show that it is possible to achieve bettgraability of a system
comprising of varying parameters with an adaptive contigibathm.

Regarding the output of the system, the controllabilityignsicantly better for a system
where the drain current is selected as an output comparedysteam where the drain-
source voltage is selected as an output. Neverthelesajrceroblems are still existing
where the greatest problem to overcome is how the referesltage shall be adapted to
the present operating conditions.

The suggested procedure for extracting parameters, glthoot completely correct from

a control theory point of view, gives the possibility to apgmate suitable values already
at the simulation stage of the development work. It is shdva & single operating point
is not sufficient when the controller parameters are to berdehed. The total system is
a complex entity with many non-linear variables and a pracedor finding the adaptive

control parameters is presented in this thesis.

The principle of active gate control is found to be workindfisiently well for slower
switching transitions, i.e> 20us. For faster transitions, the derived controller struciure

still work, but disturbances can be noticed due to satunaifdhe controller.

The switching losses can in some cases be lowered if actieecgatrol is applied. This
statement holds true for the fastest switching transit{dns) investigated in this thesis.
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Chapter 7

Future Work

Based on the investigations performed in this thesis angnbielems that were encoun-
tered, some ideas for further research in this and relatkels$ f@ee outlined below.

e Analyze how the diode capacitance is affected by forward.bAdl measurements
in this thesis have been aimed at how the capacitance behénazsthe diode is
reverse biased. One possible scenario might be that the daqghcitance is such a
small contributor to the overall EMI performance; the reerecovery might be a
greater contributor.

e Further analysis of how a correct reverse recovery behaanibe modeled. Is the
investigated model suitable for diodes at this power lelfdle investigated model
is found to be suitable, how can the parameters needed fooaigte modeling be
extracted?

e Add a diode model with reverse recovery to a system comgrisfrthe proposed
MOSFET model and use it as a freewheeling diode when swijchminductive
load. For correct modeling of the EMI performance of the systcorrect reverse
recovery characteristics needs to be taken into account.

e Use exact linearization to evaluate a more suitable cdatraircuit. Since the
method for determining controller parameters proposetigthesis have shown
certain deficits, Exact linearization might give better @aiegperformance.

¢ Digital implementation of pre-charging. This can be donéwo ways; either by
implementing a complete digital control system or by impéernmng digitally con-
trolled potentiometers in the feedback loop of the congratircuit.

e Develop a better algorithm for determining the proporti@aral integral gain when
adaptive control is used. As previously shown this thebis ttajectory which the
system takes during a switching interval is strongly deteeah by the controller
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parameters. This gives the need for a very thorough extraofithe parameters that
are suitable for that operating point. Also, it would be oéarinterest to evaluate
which quantities that are most suitable for determiningcthrroller parameters; in
this thesis werds,, K; = f(vgs, vps), but mighti s be more suitable?.

Adaptation of the reference voltage to the current opegationditions. If digital
control is implemented, the reference voltage can adjustetle current supply
voltage in order to fully turn on and off the MOSFET withoutwating the con-
troller.
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Appendix A

Symbolsand Glossary

Symbols

Cehannel Gate-oxide capacitance in the channel region for the pow@sM
FET (F)

Cq Diffusion capacitance (F)

Ch Total pn-junction capacitance (F)

Clepletion Depletion capacitance in the channel region for the poweSMO
FET (F)

Cps Drain-source capacitance (F)

Cfield—o:cide
Cep
Cas

Field-oxide capacitance in the power MOSFET (F)
Gate-drain capacitance (F)

Gate-source capacitance (F)

Depletion capacitance (F)

Zero bias capacitance (F)

Gate-oxide capacitance in MOSFET modeling (F)
Parallel plate capacitance for the MOS interface in a pow@iSv
FET (F)

Diffusion coefficient for electrons (cts™)

Dielectric permittivity of silicon (F/cm)

Forward current in a diode (A)

Saturation current (A)

Boltzmann constant (J/K)

Integral gain for a controller

Proportional gain for a controller

Channel length modulation parameter
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Ly,

Legy

1

Ny

Np
Racc
Rchannel
Rarift
RDS(on)
Rg
RJFET
R,

ek

Vbs
Vep
Vas

VGS(on)
Vi

Vin
Wesy
qE

qm

@p
Qa

Diffusion length for electrons (cm)

Effective channel length (cm)

Carrier Mobility (cntV—1s™1)

acceptor concentratiomf, %)

acceptor concentratiomf, %)

Accumulation resistance in the power MOSFET

Channel resistance in the power MOSFET

Resistance in the drift region for the power MOSFET
On-state resistance for the power MOSFET

External gate-resistanée

JFET-effect resistance in the power MOSFET

n-source contact resistance in the power MOSEFET

Carrier Lifetime for electrons (s)

Time constant for diode modeling proposed by Lauritzen(s)
Temperature (K)

Transit time across the intrinsic region for diode modelong-
posed by Lauritzen(s)

Built-in voltage for pn-junction{’)

Drain-source voltagel()

Gate-drain voltagel()

Gate-source voltagé/()

Gate-source voltage, final valug)

Thermal voltage()

Threshold voltageW()

Width of intrinsic region (m)

Effective channel width (cm)

Elementary charge (C)

Charge located close to the semiconductor junctions, fodei
modeling proposed by Lauritzen (C)

Charge located in the intrinsic region, for diode modelimg-p
posed by Lauritzen (C)

Total charge in a pn-junction (C)

Depletion charge (C)

Diffusion charge (C)
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Abbreviations

BJT
CISPR

DUT
EMC
EMI
FDTD
FPGA
IEC
IGBT
JFET
IMC
MNA
MOSFET
PiN
PEEC
PWM
PPM
SMPS
SPICE
UNA
VDMOS

Bipolar Junction Transistor

Special International Committee on Radio Interfeeen
(Eng)

Comité International
dioélectriques (Fr)
Device Under Test
Electromagnetic Compatibility

Electromagnetic Interference

Finite Difference Time Domain

Field Programmable Gate Array

International Electrotechnical Commission

Insulated Gate Bipolar Transistor

Junction gate field-effect transistor

Internal Model Control
Modified Nodal Analysis

Metal Oxide Field Effect Transistor

pn-diode with intrinsic region

Partial Element Equivalent Circuit

Pulse Width Modulation

Pulse Position Modulation

Switch Mode Power Supply

Simulation Program with Integrated Circuit Emphasis
Unified Nodal Analysis

Vertically diffused double MOSFET

Spécial des Perturbations Ra-
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Appendix B
Derivations of Essential Formulas

Derivation of the Threshold Voltage

If a metal-oxide-semiconductor interface with a positivasbvoltage is considered, the
threshold of strong inversion in terms of the potentialetiéinceV; in silicon. The hole
concentration in a non-depleted silicon material can béevrias

(B.1)

E,—F
pzNAzni-exp( F)

kT
If Equation [B.1) is rearranged, the difference in energyeenE - andE; can be written
as

AE, =F;—Ep=kT -In (JX;“) (B.2)
To be able to analyze the energy condition at the occurrehicwersion, it is necessary
to increase the gate-body potential so much that the Fererggrat the silicon/oxide
interface crosses the intrinsic energy level. If this haygpéhe electron concentration will
exceed the hole concentration. Even though the channaragiginally is ap-doped
region, electrons will now be the majority carrier. Thiststas referred to agversion
which in turn can be divided into two separate charactedmat The first is the so called
weak inversiorand is characterized by an electron concentration thatsstituch lower
than the acceptor concentratiaN ). If the energy levels are considered, the criteria for
weak inversion can be written as

(EF - Ez) ‘Surface< (Ez - EF) ‘Body (BS)

Under these conditions, the electron concentratrs(still much lower than the acceptor
concentration / 4) which gives no significant change in the space-charge cdraten
and consequently the electric field and potential.
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As the gate potential is increased even further, the electomcentration:(,) at the sil-
icon/oxide interface is successfully increased. When teet®n concentration reaches
the concentration of acceptors the energy levels can bessgd as

(EF - Ez) |Surface: (Ez - EF) |Body (B4)

The interface is now in strong inversion which is charaegsdiby the fact that, = N 4.

The hole concentration in the non-depleted region as aifumof the Fermi level can be
expressed as

E;,— FE
p=DNs=n;- exp (TF) (B.5)
From Equation(B5) the energy difference can be expressed a
N
AE:Ei—EF:an(N“_‘) (B.6)

If (B.4) is inserted in[(B.B) the required energy to reachlibginning of strong inversion
can be expressed as

AEy =2-AE =2kt - In (‘]]VVA) (B.7)
The potential difference can be calculated by dividing thergy difference by the elec-
tron chargegq, according to

2kT N,
Vs |strong inversion™— T -In (NA> (88)

whereVy is the potential drop in the silicon from the silicon-oxidedrface to the body
contact. In the strongly inverted region, the electron emiation depends exponentially
on the position of the Fermi level. Hence, as the gate-botlynial increases even further,
all of the additional charge is built up in the region of theag inversion. The depletion
layer has reached its maximum. If considering PoissonstiEnuahe change ire-field
can be expressed as

dE o _qNA

el (B.9)
If integrated, the distribution of thie-field can be expressed as
E(z) = E,ax —x - quA (B.10)
Si

If the entire space charge region is integrated as
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By comparing Equation§ (B.11) arid (B.8), the maximum thedsof the depletion layer

at the edge of strong inversion can be expressed as

2kT Na\  qNi ., degikT - InBa
1 _ 1A W,y B.12
q " ( N; ) 2es; - \/ ¢*Ny ( )

The minimum gate-body voltage needed for strong inversioaccur is known as the
threshold voltagewhich equals to the sum of the voltage drop in the silicon iantthe
oxide area. The stored charge at the metal/oxide interfagemust be exactly the same
as the stored charge as in the silicon regi@g;, but with inverse sign.

Vs (B.11)

Qsi = —qN AW o (B.13)
Poissons equation gives the electric field strength in thdedayer as
E,, = @ (B.14)

ox

By assuming that the oxide is free of space-charge, i.e.l#wrie field strength in the
oxide is constant, the voltage drop in the oxide can be egpteas

N
A‘/Ow = €oz * tox = Qm “lox = Qm “lox = Mtom (815)
Eox Eox Eox
The threshold voltage can now be written as
VT = A‘/;)m + VS ‘strong inversion™— in “tog + — - In ( A) (816)
Eox q L%
Equation[(B.1R) inserted in (B.1L5) gives an expressionterthreshold:
\/4NAsSik:T In (%) TN
Vi, = -t0x+2—-ln< A) (B.17)
Eox q NZ
As afinal step, the gate-oxide capacitance per unit areacarfressed as
O = 22 (B.18)

tOSE

wheret,, is the gate oxide thickness expressed in [m]._IfB.18 is iesEnB.17, the final
results yields a commonly used formula for the thresholtbgs:

=

Vin = N,

+2— -In

CO$ q (Bllg)
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Drain Current for the MOSFET in the Ohmic Region

Assuming a MOSFET that ha reached the state of strong imrerte current-voltage
characteristics can be derived. If a field of strong invergs considered, the current
through this field is strongly dependent on the electric fielwhsists only of majority

carriers and can be expressed as

Jarigr = (qpnn + qupp) B — Je = %Qm%f) (B.20)
wherey is the carrier mobility(;,,., is the total electron charge in the channel region and
Vg5 is the applied gate-body potential. Once the thresholdcgelis reached, almost all
excess charge is built up in the channel region, the MOSFE éxhibits the properties
of a parallel plate capacitor. The inversion layer chargelsassumed to be proportional
to the applied voltage. Also, at and below the thresholdagdi the inversion layer charge

is zero. Hence, the inversion charge can be described by

Qinv = Cox(VGS - ‘/th) (821)

where(Q);,, is the charge in the inversion channel of the semiconductatgrial,C,, is
the parallel plate gate-oxide capacitantgg is the applied gate-body voltage amng,

is the threshold voltage derived in Appendik B. The charge aao be described as a
function of the potential at the silicon-oxide interfacetwiespect to the source as

Qinv(x) = Cox(VGS - ‘/th - V(ZE’)) (822)

whereV (z) is the potential along the channel region.

If B.2Z is inserted in_B.20, the following expression for tth&in current density is ob-
tained

dV(x
Jo = —1eCos(Vas — Vin — V(2)) di: ) (B.23)
Rearrange and separate the variables according to
Jedr = —11.Co(Vas — Vi — V(2))dV (B.24)

Integrate over the entire channel length whére- 0 aty = 0 andV = Vpg aty = L.

LChannel VDS
Jedy = / —,ueCOJ;(VGS — Vth — V(x))dV (825)
0 0

Solving gives
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- eCo:c 1
Je = ,uL (VGS - §VDS - V}h) Vbs (B.26)

The total current can be written as

Ip=—JW (B.27)

which gives the final expression for the drain current

w 1
Ip = ,uecomf (VGS - §VDS - Vth) Vbs (B.28)

This equation is valid for the drain current as long as stioxagrsion prevails in all points
of the channel, i.e. as long as the channel is not pinche# qgtfation[(B.28 is only valid as
long as(Vps < (Vgs — Vin), the MOSFET is operating in the linear regidf;s controls
the electron concentration in the channel &g controls the lateral electric field in the
channel.

Drain Current for the MOSFET in the Active Region

According to the derivation in AppendiX B, the equation foe tirain current is only valid
in the linear region. Ad/ps reaches or exceedg;s — V;;, the electron concentration at
x = L drops to very small concentrations, only a depletion regsoexisting and the
channel is said to be pinched off. All additional appliedidysource voltage is consumed
by the depletion region, hencelig independent of/ ¢

IDsat = ID (VDS = VGS - Wh) (829)

which gives a drain current that can be expressed as

%%
25T (Vas — Vin)? (B.30)

In the saturation regimd,, is modulated by s but independent o 5. Vi;5 controls
both the electron concentration in the channel and thedlagdzctric field in the channel.
Vps does not affect the lateral field in the channel due to pirf€h-o

]Dsat - ,ueco
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Abstract— An EMI reduction technique using two MOSFETs
instead of a single MOSFET in a step-down converter is
investigated in this article. A circuit that implements this
technique together with external capacitor control was designed
and measurement results were compared against simulations.
The switching element in the proposed circuit is an IRF7309 that
consists of a p-channel and an n-channel MOSFET in the same
package. The entire circuit also consists of an input circuit for
the control pulses and a controller circuit responsible for
optimizing the turn-on and turn-off of the p-channel MOSFET
and n-channel MOSFET. The effect of difference in the threshold
voltage between the two MOSFETSs is controlled by external
capacitances in a configuration referred to as capacitor control.
The analyzes of simulations and measurement results show that
the symmetrical switching (or double MOSFET switching)
technique can successfully be applied to reduce the RF emission
in the low frequency and medium frequency range when
compared to the single MOSFET switching.

I. INTRODUCTION

Following the increased number of power electronic
converters in many applications, such as houses, vehicles, etc,
the concern for -electromagnetic interference (EMI) is
increasing. If electrical equipment unintentionally generates
electromagnetic interference in the RF range, there is a
substantial risk that it will interfere with other equipment such
as radio receivers. One particular situation of an unintended
RF interference source is when a single switch buck converter
is located far from the load, for instance light bulb control in a
vehicle. In this situation, the wires between the converter and
the load act as an antenna radiating electromagnetic waves
due to the variation of the electric field. Traditionally, the
most popular method of EMI mitigation is passive filtering
techniques which often are implemented late in the project
phase at a significant size and cost penalty. As an alternative
to passive filtering for common mode conducted EMI
mitigation, a new circuit topology is presented in this article
that actively cancels the common mode voltage created by the

converter. The single switching signal is transformed into two
signals that are symmetrical to each other and hereby cancel
out the antenna effect by eliminating the resulting variations
in the electric field. This can be accomplished by utilizing two
switching elements in a configuration called Double MOSFET
Switching (or Symmetrical Switching) instead of one element
as used in a regular step-down converter. According to Erkuan
and Lipo [1], the common mode noise in -electrical
applications such as AC-machine inverters can fail conducted
EMI tests even before power to the load is applied due to EMI
generated by the internal power supplies. For this reason, to
meet today's stringent specifications, attention must be given
to any sub-system that would contribute to the overall EMI
production.

The authors have identified one reference [2] that apply a
similar technique to a DC-DC buck converter. Here, an active
cancellation of common mode (CM) voltage is applied to a
simple buck converter by using double MOSFET switching.
However, the main purpose in the previous article was to
create a stable power supply for an inverter drive. Further on,
the concept of double MOSFET switching has been applied to
three phase and six phase inverters [3][4]. In the prolongation,
this technique can be used in many power electronic
topologies such as a step down-converter discussed in this
article. The main area of application for the step-down
converter proposed in this article is automotive applications
where the load is located far from the switching unit and is fed
with long unshielded wires.

The overall purpose of the article is to investigate and
implement the symmetrical switching principle. Moreover,
based on the work performed in [S], further improvements
such as an improved circuit layout and control stage are
implemented and investigated. Further on, the structure and
influence of the error handling circuit is investigated.

The following sections will in detail explain the idea behind
symmetrical switching and how to implement it. The design of



each part of the circuit will be described in detail together
with a brief explanation of the implementation of the complete
circuit. The most important SPICE simulations and circuit
measurements, as well as the comparison between them, will
be presented in the section about the results. Finally, a
comparison between double MOSFET switching and single
MOSFET switching regarding the reduction of emissions will
be done and final conclusions will be drawn.

II. DOUBLE MOSFET SWITCHING IDEA

A. Cancellation Technique

In order to reduce RF-emissions from the wires between the
switching equipment and the load, a cancellation technique
that operates by splitting the switching voltage into two paths
with 180° phase difference and equal magnitude is proposed.
The split signal is intended to cancel out the variation in the
electric field and consequently, reduce the electromagnetic
emission.

B. Proposed Setup

In this article, the cancellation technique is achieved by
using two controlled switching devices which are switching
symmetrically against each other. This can be compared with
a regular converter that utilizes only one single switching
device to drive the load. The chosen switching device in the
proposed converter is a MOSFET due to the widespread use in
low to medium power switching DC/DC supplies.

VB/IT lokQ
R(:rll[,
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Input
PMOS
I — Ve
Rloud §
10kQ [ Viomn
R(r.-!ll: B
NMOS
Input
NMOS

Fig. 1. MOSFET setup for symmetrical switching

An overview picture of the proposed setup is shown in
Fig. 1 where the switching devices and the load are depicted.
The working principle is as follows; the upper MOSFET
produces the upper voltage Vypper While the lower MOSFET
produces the lower voltage Vi ower. When the upper and lower
MOSFETs are conducting, Vypper and Vi ower are respectively
Vgar and zero, and the voltage over the load is Vgar. When
the upper and lower MOSFETSs are in off-state, Vypper and
Viower are approximately Vpar/2 which results in a voltage
over the load that equals to zero.

When double switching is used, the voltage over the load
switches between zero and Vpat, similarly to single switching.

The most important difference between double and single
switching is that, in the double switching, the sum of Vyppgr
and Vi ower equals Vpar at all times. Consequently for an ideal
converter with double switching, a DC-signal is seen from the
external interface which gives a reduction in the common
mode voltage and also the high frequency disturbances
originating from the cables supplying the load.

III. CIRCUIT DESIGN

As the sum of Vyppgr and Viower should be equal to Vpar at
all times, it is essential that Vypper and Vipwpr are as
symmetrical as possible. Such a difference will occur due to
the difference in electron mobility between n-doped and
p-doped silicon which results in different switching
characteristics for an n-channel MOSFET and a p-channel
MOSFET. Also, an n-channel device will show a lower on-
state resistance if compared with a p-channel device with
identical geometry for the same reason [6]. The proposed
solution is to compensate the difference of time constants
between the p-channel and the n-channel device by using
polarized gate resistors with different values for each
MOSFET. The polarization utilizes one value of gate
resistance for the turn-on and a different value of gate
resistance for the turn-off for each MOSFET. By doing this,
the maximum turn-on and turn-off time constants can be
approximated for both the PMOS and NMOS. However, even
though the gate resistors are optimized, the temperature
dependence of the parameters can introduce a small error. One
way to implement an error handling circuit is to define one
MOSFET as a master and the other as a slave. The MOSFET
that acts as a slave will have the switching signal added with a
regulated feedback signal from the load as its input. The block
diagram in Fig. 2 shows the setup of the converter.

Power
Supply
J\ '
Input N .
— Circuit > Cor_ltrol.ler Capacitor| | MOSFET
Circuit Control
Errorhandling |
Circuit A

Fig. 2. Block diagram over the proposed converter setup.

The complete converter, including error handling system
and polarized gate resistors, was implemented on a PCB
where the load is externally connected to the board via two
unshielded wires. Due to its experimental nature, the converter
uses an external reference square wave generator.

IV.REGULATOR DESIGN

As described in previous section, the proposed way to
handle the switching error between the MOSFETS is to define
one MOSFET as a master and the other MOSFET as a slave.
The MOSFET that acts as a slave will use the previously
designed input signal added with a regulated signal from the



load as its input. For the selected MOSFET IRF7309, the
PMOS device has larger Cgp capacitance than the NMOS and
due to the design of the proposed converter; it also has a more
complicated input stage that adds a propagation delay. These
characteristics makes the dynamics of the PMOS slower than
the NMOS, and for that reason, the PMOS is defined as the
master MOSFET.

In order to implement an error handling circuit with
sufficiently high bandwidth, the regulator must be carefully
chosen. The main regulator structure analyzed in this article is
a P-regulator realized by the operational amplifier
LM6144ANS. For the P-regulator which also is used as a non
inverting summer, the error voltage can be expressed as

1+ R.Y/R/' ( VUPPER + VLOWER J (1)

V =
l/ RUPPER + l/ RLOWER

error

RUPPER RL OWER

where Ve 1s the error voltage detected by the controller
circuit, Ry is the resistor connected from the inverting input to
ground, R; is the feed forward resistor and Vypper, Rupper,
Viower and Riowgr are the PMOS and NMOS voltage
respectively with belonging series resistors. If the error, E, is
defined as £ = VBAT'(VUPPER+VLOWER)~ The final error signal
can be described as

R
Verror =-FE l —L +1]| |+ @ )
2 R, 2

where Vo 18 the same error voltage as in Eq. 1. This
corresponds to the relation that describes the P regulator, but
with a voltage offset of Vpar/2.

The regulator output is then added to the NMOS input
signal via an operation amplifier used as a non-inverting
summer. The resulting signal is then fed to the gate of the
NMOS. Note that depending on the results from the
previously described summation, the regulator output must be
able to produce negative voltage. This causes a need to supply
the second operational amplifier stage with a negative voltage
source; in this case it is achieved by an additional voltage
converter that delivers -10V. The chosen converter is the
Maxim MAX680.

V. SIMULATION AND MEASUREMENT RESULTS

The simulations of the circuit were made in OrCad Capture
that uses PSpice which is an industry standard circuit
simulation language. The implemented circuit uses the
parameters specified in Table 1.

TABLE 1
COMPONENT PARAMETERS FOR SIMULATIONS

Quantity Value Quantity Value
VREFR 12V R on 1.6kQ (NMOS)
fREF 2.5kHz RG OFF 1.7kQ (NMOS)
VBar 12V R on 1kQ (PMOS)

% 10.3kQ RG oFF 1kQ (PMOS)
R 10.0kQ Rioap 6.58Q2

The most important observation from the comparison
between simulations and measurements is that the measured
switching waveforms show a slightly different threshold
voltage compared with the simulation results. These
oscillations most likely originate from the discrepancy in
switching behaviour between the MOSFET SPICE model and
the real device. It is well known that the classical SPICE
MOSFET Model has certain deficits when it comes switching
behaviour which is e.g. described in [7] among others.
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Fig. 3. Comparison between simulations and measurements for double
MOSFET switching with regulator and polarized resistance set-up —
Vap P-MOS, Vs N-MOS, Tjouq and Vgar (supply voltage to the load).
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Fig. 4. Comparison between simulations and measurements for double
MOSFET switching with regulator and polarized resistance set-up —
Vps P-MOS, Vps N-MOS, Ij,.q and Var (supply voltage to the load).

In Fig. 3 and Fig. 4, the simulation and measurement results
are compared to each other where continuous lines represent
measurement results and dotted lines represent simulation
results. As seen, the results correspond well to each other.

In order to verify the expected frequency content of the
radiated emissions in the wires when comparing double
MOSFET switching and single MOSFET switching, the FFT
of the sum of Vyppgr and Viowgr for the measured and
simulated configuration were calculated using MATLAB. Fig.
5 and Fig. 6 show the magnitude of the FFT components
expressed in dBV. As expected, the double MOSFET
switching shows a lower voltage component in the frequency
range from 1 kHz up to 0.3 MHz compared to single
MOSFET switching. This is an indication that the double
MOSFET switching is a viable alternative to reduce radiated
emissions on wires between a DC/DC converter and the load
when they are located at a large distance from each other.
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VI. CONDUCTED EMISSION MEASUREMENTS

To verify the improvement with Double MOSFET
switching, a conducted emission test was performed according
to the CISPR 25 Ed. 2.0 standard which is the applicable
standard in automotive applications. The emission levels on
the positive input port are presented in Fig. 7. As seen, Double
MOSFET Switching not only gives a reduction of radiated
emission on the outgoing wires but it also lowers the
conducted emission. All levels are well below the limits set in
CISPR 25 Class 5 broadband disturbance which is the
toughest demand.
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Fig. 7. Conducted emission measurement according to CISPR 22

VIL CONCLUSIONS

In this article it is shown that it is possible to reduce
radiated and conducted emission from the connecting wires
between the DC/DC converter and the load by applying a
technique referred to as double MOSFET switching. The
technique was implemented and verified for a circuit using
external capacitor control with satisfactory results.

From the simulation results in the double MOSFET
switching design process, it is possible to draw several
conclusions. The introduction of a polarized resistance set-up
in the gate, as well as the introduction of an error handling
regulator, gives a significant contribution to the improved
performance of the circuit. The simulation results were
verified on a practical circuit optimized for EMI. During the
circuit design an important concern in choosing a MOSFET
was the obvious discrepancies between the SPICE model and
the real component. Also, great concern has to be taken when
choosing the controller circuit. The bandwidth and the slew
rate of the selected operational amplifier that acts as a
controller must be selected carefully in order to optimize the
switching results.

When comparing the FFT results of the sum of voltage over
the load for the double MOSFET switching and single
MOSFET switching, it is possible to conclude that the double
MOSFET switching induces lower emission levels than if
compared to a single MOSFET; especially in the frequency
range of 1 kHz to 0.3 MHz. Even though the designed circuit
shows a significantly improved behavior when compared to
the single MOSFET switching, several factors limit the
overall performance, hence shall further investigations such as
an improved controller be considered.
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Reduction of EMI in Switched Mode Converters by
Shaped Pulse Transitions

Andreas Karvonen, Henrik Holst, Tryggve Tuveson, Tonjdhiringer, and Pravin Futane

Abstract—An idea of reducing the amplitude of higher order  distributes the noise into a wider frequency region. Anothe
harmonic frequencies from PWM switching pattern is presened  option is to use soft switching circuits like resonant cotmes
and analyzed in this paper. For experimental studies a flexi- [4]. Because of their complexity in control and difficulties

ble curve shaping circuit was developed and implemented for . btaini d . f th h t b
achieving and controlling smooth transitions in a DC/DC PWM In_obtaining dynamic periormance they have not become

controlled converter for a 12 V system. A comparison between COmmon in industrial applications [3]-
trapezoidal and sinusoidal transitions is made and it is fond that [8] presents a strategy of reducing the current or voltage

a sinusoidal transition gives better EMI performance withaut rate-of-rise by applying intermediate voltage levels oe th
increasing the switching losses. In order to further reducethe gate control voltage of isolated gate transistors placed in

EMI, a strategy of controlling the output voltage transitions in a . - . .
MOSFET by "pre-charging” its gate is derived and investigated. buck converter configuration. The strategy is compared with

The developed practical circuit is tested with sinusoidal efer- the method of increasing the gate resistance [5], [6] and [7]
ence for a purely resistive load and an R-L load. Frequency The result showed that the EMI performance was similar for

responses obtained from simulations and measurements arethe two configurations while the switching power losses were
compared and discussed. lower for the configuration with intermediate voltage leel
Index Terms—EMC, EMI, DC/DC, PWM converter In [5], [6] and [7] control of the drain currendi/dt in a
switching power MOSFET was obtained by tuning the gate
| INTRODUCTION resistance. A redqcnon idi /dt alsolleaQS to a reduction in
o ) ) dv/dt and accordingly to a reduction in the produced EMI
LECTROMAGNETIC compatibility, EMC, is an impor- qise 15 [9] an EMI supression driver circuit is presented
tant consideration for development of electrical circuitg,hich directly acts ondv/dt instead. The proposed circuit

espec_ially_ in the fieI(_JI of power el_ectron_ics. It is r_10t u_szugenses the V.05, /dt during turn off, and selectively adjusts
that circuits are designed for their desired functionaéiyd he v, . transition time at a voltage near the threshold volt-

after that any occurring EMI problems are solved by modifyége_ By this techniqueV,.;, /dt is reduced and hence the

ing the circuit, shielding of the circuit, twisting of concted produced EMI noise and switching power losses is kept at a
cables, using EMI filter etc. Many times this approach endsinimum.

up in costly, time consuming, trial and error solutions. FOr the purpose of this paper is to evaluate a strategy to reduce
automotive applications the EMI concern is becoming moige EMI noise by controllingdv/dt of the drain to source
critical since the trend is that mechanically operated abje voltage during switching of a MOSFET located in a buck

(actuators, loads, etc) are peing replaced by eIectrcbylic_aéonverter for a 12 V system. The idea is to makes to
controlled ones. These electrical loads often demandalari resemble a sinusoidal curve during the switching. In thig wa

power at a varying voltage level, hence DC/DC converters smooth transition of the output voltage is obtained. The
are employed more and more. Examples of applications usipgiting EMI noise using this method is then to be compared
switching power supplies in vehicles are: fuel pump, segfih the case of using "standard” switching. Finally, a gisal

heaters, rear window heaters, beam lights etc. _ to study the impact that this transition has on the switching
By attacking the EMI noise generation at the source itse|fgges.

during the initial design of the circuit, a redesigning Ess
due to EMI noise problems can be avoided. In addition, if EMI ||, REDUCTION IN EMI BY EMPLOYING SMOOTH
is reduced by this method the bulkiness of possible EMI filter TRANSITIONS

and other_radlatlon-llmltlng measures can_also be r_educed. Instead of using a trapezoidal gate voltage in order to &witc
In the literature there are several design techniques P semiconductor device, in this case a MOSFET, it is also

sented which deals with reduction of EMI from switchingJossible to control the voltage in a moteurved” way, for
power electronic applications. One method is to use a R Hstance a sinusoidal transition. In principle, it can ba& sa

domized Pulse Width Modulation (RPWM) [1], [2]. ThiSy, . the trapezoidal shape corresponds toaditional” hard

technique does not actually reduce the EMI noise, 'nSteadS\'/Eitching and the sinusoidal shape to a soft transition.1Fig

This work was supported by Vinnova, Volvo Car Corporatiorgal® prese_nts a comparison between thes_e two types of trarssition
Microwave systems, Ericsson AB and SKF Automotive Division The time traces as well as the resulting frequency spectra ar

Henrik Holst, are with Condesign Electro Guide in collaltimra with Volvo presented.

Car Company, Andreas Karvonen, Pravin Futane and TorBjbiringer are Both th | h itchi f f1 KH
with Chalmers University of Technology, Géteborg and Tye Tuvesson, is oth the pulses have a switching frequency o Z,

with Volvo Car Corporation, Goteborg. amplitude of 1 p.u. (12 V) and a duty cycle of 50 %. The
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3 the functions can be written for the sinusoidal transitisn a
<E( or | | | | ] 7
0.2 04 .
- tm 1 -IT<t<t
g— ' @ s w (D
gos 5 cade f1:COS [tTTt—i_f(t_r_l)} tistst
= = faine(t) =4 1 ty St <ts
E ° 0 10 20 30 40 50 g f2 = o8 [t:th - % (g - 1)} s <t <ts
B t[1s] o f [Hz] -1 ta<t< T
; 1 P e g -  utoff = 10 kHz (1)
3 3 _ 60 dB/decade And for the trapezoidal pulse as:
R L 2 -100
3 . 3
E o [ 57150 -
0 10 20 30 40 50 - -1 —5<t<th
t[us] f[Hz] fi= t2Tt+t2 t <t <ty
t) = 1 to <t<t 2
Fig. 1. Comparison of frequency spectrums from PWM wavefommith Firap(t) 9 D 2=0=13 ©
trapezoidal and sinusoidal pattern. fo=—7Ft+ 5 t3<t<ty
-1 tg<t< 3
Al
wheret; = (—D—t,)L,ty = (~D+t,) %, t5 = (D—t,) %
E andt, = (D +t,)2.
fsine t, t, The Fourier series expansion for an even function is:

f®) = % + i ap, cos(nSdt) 3)
n=1

a, 1S determined by:

Al 4 [t 4 "
; an :T/o 1 - cos(nfdt)dt + T /tg fa - cos(nQt)dt +
ftrap t ! 1 E
; +—/ —1 - cos(ndt)dt (4)
T ta

T2 After solving and simplifying the expressiom, can be

written as, for the trapezoidal case:

4

. . . ) . n =— "5
Fig. 2. PWM pulse with linear and sinusoidal transition. T Tl
a, Will decrease as—2 which equals to -40 dB/decade.

. . . _ For the sinusoidal transition function the Fourier compane
transition time i.e. the time for the pulse to go from low,; e given as:

voltage level to the high or vice versa for the rising andriall

edges respectively, is 50s for both the trapezoidally and the 4 1

sinusoidally shaped pulses. ap=—  ——
The slopes of the envelopes (in the frequency spectra) in the m n((2tn)? = 1)

lower frequency region before the cut-off frequency forthot Obviously,a,, will decrease as?® for largen.

the pulses are the same, i.e. -20 dB/decade. The envelope fofhe suspected singularity @tt,n)? = 1 can be investigated

the trapezoidal pulse falls after the cut-off frequency & 6 35 follows.

kHz with a slope of -40 dB/decade. For the sinusoidal pulse,Consider that

the envelope falls after the cut-off frequency of 10 kHz with

a slope of -60 dB/decade.

-sin(nmt,.) - sin(nw D) (5)

- cos(nmty) -sin(nmtD)  (6)

cos(nmt,) = — sin(nnt, — g) =— sing(2ntr -1 (M
A. Theoretical comparison between sinusoidal and linear and that

transition 2t m)2 — 1] = (2 1)(2t 1 8
t, — = T rie—
Fig. 2 presents a schematic time functigiy,) of the desired (2trm) = Gl @t =) @

voltage waveforms with linear and sinusoidal transitions. Inserting (7) and (8) in (6) gives:
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Fig. 3. Block diagram of the control strategy. i 0 e
PW = {0.5*Period_Time} = 12v
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™ n (2tTn + 1) 2 2 (2t7~n - 1) c:Pspice.txt c5 ~o
470p ||
Since = wn
W
1Meg
sin 5 (2nt, — 1)
2ntT1—1—>0 %(%Tn — 1) =1 (10) Fig. 4. OrCa® model of the control circuit with resistive load.
a, is defined for every value of n. Hence, what wa Resistive load

indicated in the simulation also holds theoretically.

IIl. CONTROL STRATEGY

jtude [V], [A]

Fig. 3 presents a block diagram for the proposed conti£ U SO =T EEEEEEET .
strategy. A waveform generator provides the reference PW
waveform. A lookup table modifies the PWM-pulses. Thi
reference waveform is fed to a control circuit employing a T e
active feedback control. A power MOSFET is connected 1 OFF wansition ON ransition
the control circuit via its gate and is accordingly includad  ,,
the feedback loop. -

The output of the power MOSFET is connected to as s
electrical load, either resistive or resistive and indwetiThe s
purpose of the control circuit is that any reference waweforz “

2
5

-
)

=
o

Vds
- = =vgs

- = —lds

mplitude
Amplitude [V], [A]
o

that is fed to the circuit should be reproduced accurately
the output (across the drain to source terminals of the pow
MOSFET) to supply the load. The control circuit makes the
output voltage Vpg, to follow Vrgr by acting on the gate Fig. 5.  Simulation result for resistive load.
voltage Vi of the power MOSFET.

.55 5.6 5.65 5.7 8.3 8.35 8.4 8.45 85 8.5t
Time [ms] Time [ms]

which V¢ ranges in is quite small/;s operates close to the

"Miller effect region”?! for the whole cycle.
A simulation model of the control circuit for a 12 V system

was implemented in the circuit simulation software, OrCAD
[12] and is presented in Fig. 4. A reference voltage waveforid. Circuit modifications and parameter tuning for control of
ranging from 0 to 12 V, is stored in an arbitrary waveforninductive loads

generator, V4. The output from V4 is fed, via a resistor, |, order to make the circuit operate properly when the

R10, to the inverted input of an op-amp (LM6142) X1Bqgisiive load was replaced with an R-L load, a freewheeling

X1B, with its surrounding components, forms a Pl-contmolle o ge was placed across the load. Fig. 6 shows the circuit wit
which controls the drain to source voltagéss, of the power o new components.

MOSFET (IRF1010N), QZ' The two resistorBy; and_ng, In order to make the diode freewheel it was necessary to
cor_1tro| the feedback gaim?,.. provides the gate_resstancemake the voltagd/ps to be slightly higher than 12 V during
which was selected to 38. R,; andCs form the m_tegrat_or the MOSFET OFF period in order to overcome the forward
part of the controller. The load consists of a resis@, = \,1a9e drop of the diode. This was achieved by tuning the
2'449,' The SUPP'Y vqltage 1S pr_ow(-jed by al2V DC'SUpplyfeedback gain in such a way that the voltadges increases
During the simulation the switching frequency was chosel},,ye the supply voltage with the same value as the forward
to be 180 Hz and the transition time for the rising and fa"'ngoltage drop of the diode after an OFF transition. With this

edges were both 139, i.e. one transition corresponds to 2.5,y gification the MOSFET could be turned OFF. Fig 7 shows
% of the total switching time period. Fig. 5 shows the resulf,o simulation result using the R-L load.

from the simulation.

As seen from _the figuré/ps follows Vg r during the ON  1yosreT operating region where a changeling results in a change in
and OFF transitions. It can also be seen that the interval fos.

A. Control circuit for resistive load
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Vds H — s
121 =y -==vgs [ == =Vgs
< 10 \ vref = — _?gsev - . N
S el T s - -woe]]  "Miller effect region” before a transition takes place. A sample
R EH and hold function is provided which sensEgs during the
T Ay Ty < transition (MOSFET operation in thiMiller effect region”).
] . . .
2 O S I N Just before the next coming transition the gate is pre-@tharg
0 N g

555 56 T\Erlgims] 5.7 5.75 8.35 8.4 Timg.ﬁgs} 8.5 8.55 with the stored value.
The trigger signals used for the pre-charging circuits were
Fig. 7. Circuit performance with R-L load after tuning ofaiit parameters. generated from the derivative dfps by the help of a
differentiator circuit and two comparator circuits showrfig.
9 and Fig. 10 respectively.

As the figure shows, the load current (samé@gs) commu-  |n Fig. 9, Vs is fed to the left hand terminal of the resistor
tates from the MOSFET to the diode as soorVas increases R,,. A virtual ground of half the supply voltage is provided
above the supply voltage by the forward voltage drop in thsy the voltage divider formed by;, and R;5 so that both
freewheeling diode. It can also be observed that there ist negative and the positive derivativesi@fs are obtained.
small delay present itvps (relative toVzer) in the initial  This leads to an offset in the output signal. A low pass filter,
part of each transition, especially in the ON transitionisThformed byR,; andCj, placed on the output reduces the noise
is due to thatVzs now starts from zero (compare to the casgn the signal. The two comparator circuits, having the input
with the resistive load in Fig. 5) and must be brought back tignals from the differentiator circuit, on their inverirand
the "Miller effect region” (around 4 V) beforéd/ps starts to non-inverting inputs, give the trigger signals for the pigsi
react. and the negative derivatives bh s respectively. The purpose

of the comparator circuit is also to amplify the signal to the

C. Further tuning of the circuit for control of inductive Ida

As seen in the previous section there are delays present in ﬁ
Vpg initially when the transition takes place. To reduce these ok T ii
delays the idea was to pre-charge the gate close ttMiier i r2 \LMWMNS ) TR et
effect region” (giving a more accurate response oriéex T >9U T J)F
changes) befor&rgr starts to change. External circuitries, i - J 2 e -
see Fig. 8, were connected to the gate of the MOSFET, in L lw j;oﬁk L

parallel with the output from the control operational arfipti
X1B (shown in Fig 4), with the aim of providing the voltage
to the gate that is desired in order to bring it close to thég. 10. Comparator circuits to generate trigger signals.
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neous switching losses.
Fig. 11. Comparison ofps performance without and with thépre-
charging” circuit.
The total switching loss for one transition, linear and

supply voltage level. sinusoidal, is given by:

In Fig. 11 a comparison of two simulations are presented
with and without”pre-charging” circuits. As can be noted 7 } . _ biw
from the figure, the delays are substantially reduced. Poine _/wt:o Usine (W) * Goine (W) dut = 8 (15)

There is another important advantage with this set-up. The
"Miller effect region” varies with temperature and also varies x 2
from MOSFET to MOSFET. With the used set-up, the circuit ~ Pirap :/ Virap(Wt) - igpap(wt) dwt = ' (16)
now provide a great flexibility, since it becomes self-atpg wt=0

As seen from (16) and (15) the switching losses can be

IV. ANALYSIS ON SWITCHING LOSSES FROM SIMULATION reduced by 25 % theoretically when going from the linear
EOR RESISTIVE LOAD transition to the sinusoidal transition for a resistivedivg.

By using the method proposed in [5], [6] and [7], i.e Fig. 13 shows the corresponding switching losses for one off

to increase the gate resistance in order to obtain a ,,Softj:‘,ansition obtained from simulation using the control aitén
S,

transition, the switching losses in the MOSFET increas ig. 4. ;‘Za(t)ranm_ﬂT t|meTv;/]as Se.itﬁ.lﬂgj and the load gsed
Accordingly, an important aspect is to investigate how th asac. resistance. The swilching l0Sses were given as

o . ... the product of the voltag®ps and the currenfpg through
switching losses are affected when the trapezoidal tiansit . :
is changed to a sinusoidal one. the MOSFET. As seen from Fig. 13 the behavior of the power

For a resistive load the current transition is sinusoidal é%s_ses_ is similar as for the_ theoretlca_l case (refer Fig. TAY
well as the voltage transition. The voltage and current O itching losses for the linear transition was 9.2 W whereas
transition can be described as: the sinusoidal gave 7.2 W, so the losses where reduced by

roughly 23 %, almost same as the theoretical result showed.

1 — cos(wt)
, £ =5 - 0< wt< 11
Vsine(Wt) = 2 e wheT (11) V. MEASUREMENTS AND ANALYSIS
, . 1+ cos(wt) A. Practical test setup
lsine(wt) =1~ 2 Oswisw (12) An experimental circuit was built based on the simulation

For the linear OFF transition for a trapezoidal pulse witflodel shown in Fig. 4. A Complex Programmable Logic

same transition time as the sinusoidal the voltage and murr®evice (CPLD (XC2C256)) mounted on a design kit [13]
can be written as: worked as the reference voltage waveform generator as seen

in Fig. 14. The reference waveform was stored as an 8-bit
(13) lookup table in the CPLD. An 8-bit D/A-converter (HI5660I1B)
connected to the CPLD converts this digital data to an analog
reference signal.
itrap(wt) = i [1 _ lwt] O0<wt<m (14) A voltage reference level, obtained as a scaled value of the
T main supply, controls the maximum amplitude of the refeeenc
Fig. 12 shows the linear and sinusoidal OFF transitions witfignal. The lookup table in the CPLD is triggered from an
corresponding instantaneous switching power losses. external PWM reference pulse coming from a signal generator

Vprap(wWt) = — - wt, 0 <wt <

ERESH



Trapezoidal Transition
Voltage and Current

Sinusoidal Transition
Voltage and Current

Voltage
10{| = = = Current

Amplitude [V], [A]

~ .
~a

Amplitude [V], [A]

Voltage
= = = Current

5.55 5.6 5.65
Time [ms]

Trapezoidal Transition
Power Losses

56 5.65
Time [ms]

Sinusoidal Transition
Power Losses

Power [W]

Power [W]

5.55 5.6 5.65 5.7
Time [ms]

Fig. 13.

loading.

Feedback
Trimpots

D/A converter
HI56601B
CMRR
Trimpot

pAmp
LMB144 |

5.6 5.65 5.7
Time [ms]

Linear and sinusoidal OFF transition with corresfing instanta-
neous switching losses obtained from simulations in OfC#ar a resistive

Resistive
Power Load

Power
MOSFET i
IRF1010N [

Rectifier
Diode
PBYR1645

Fig. 14. The CPLD kit along with the power control circuit.
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Fig. 15. Control op-amp with extra-switched feedback aantr

B. Different feedback gains for ON and OFF transitions

While tuning the practical circuit, it was found that for
smooth transitions during both the ON and the OFF transition
different feedbacks were required. A resistive divider eyos
the feedback gain, for the control op-amp. By putting a serie
combination of a trim pot and a switch in parallel with one of
the feedback resistors, the gain could be adjusted in oader t
obtain two different suitable values. Fig. 15 shows theuitrc
achieving this switching.

C. Frequency response of output voltage from measurements
with resistive load

In this section a comparison between the trapezoidal and
sinusoidal pulses is presented based on practical measntem
for resistive load. The system clock used for the CPLD
was 1.8432 MHz, making the transition time to be 139
Considering the transition times to be 2.5 % of the total
switching time period, the switching frequency employedwa
180 Hz and the duty cycle was set to 50 % on the signal
generator. The frequency response was obtained by using a
dynamic signal analyser with a sampling frequency of 250
kHz. The dynamic signal analyser presents the frequency
spectrum up till 100 kHz from the FFT of the measured signal.

Every time the PWM signal changes its state from low tBor each measurement, an average of 100 FFTs was taken in
high or vice versa, the lookup table is triggered to feed ootder to reduce the effect of the background noise feV&t).

the stored values counting up or down respectively. The D/#6 compares the frequency spectrum of the measured output
converter converts the data from the lookup table into amltage using sinusoidal transitions and trapezoidal stap
analog signal, which is fed as the reference voltage to tpalses [10].

control circuit. An external signal generator was used fapbu

the PWM pattern.

Regarding the control circuit, a few modifications fro
the simulation model were considered. The feedback resi

As can be seen from the measurements, the two voltage
references have the same slopes of the frequency spectrum

2 dB/decade. The envelope of the trapezoidal waveform

ngnvelope in the low frequency region, which is around -

- lIs after a cut-off frequency of 3 kHz with a slope of -48
for the control op-ampR;; and Ri» as seen in Fig. 4 a ) .
were exchanged with trim pots and some EMI suppressigﬁ/decade'-rhe envelope of the sinusoidal waveform falés af

capacitors were placed at strategic positions in the dir¢hie
load consists of 16 power resistors connected in parateh e
one of them having a resistance of @9 giving an equivalent

a cut-off frequency of 4.5 kHz with a slope of -67 dB/decade.

The theoretical study, where the sinusoidal waveform was

compared with the trapezoidal as seen in Fig. 1, showed that

resistance of 2.442, same as for the simulation model with 2The envelope of the frequency spectrum is the major coneawh,hence

the resistive load.

the average mode is a very well motivated method to be emgloye
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Fig. 17. Frequency response &fgrgr from simulation (above) and
measurement (below) for R-L load with 138 transition times.
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Fig. 16. Frequency response from measured output voltagsifasoidal
and trapezoidal reference voltages.

the sinusoidal waveform falls with -20 dB/decade more the
the trapezoidal, but that the cut-off frequency is almostéw

as high. The same main feature is clearly mirrored in tt$ -40f
measurements shown in Fig. 16, although the slope is evg -60F
steeper for both the trapezoidal and the sinusoidal in tgh hi < -8or
frequency region. This is due to that in the measuremerds, 1 -100%; B 2
sharp corners of the voltage shapes for both waveforms f[Hz]

rounded off and hence the waveforms in reality contain fess 20
high frequency components. — 45Kz
‘ -50 dB/decade o

>
[}
=

lit

D. Comparison of simulation and measurement results for R
load

Fig. 17 and Fig. 18 show the frequency response for tI~ -80
simulated and the measur®@dzr andVpgs respectively along ‘10202 10° 10" 10 10
with the envelopes. The frequency responses were obtainec f[Hz]
calculating the FFT from the time domain signals, measured
with an oscilloscope with a sampling rate of 5 Ms/s. ThEY: 18- Frequency response B from simulation (above) and measure-
number of samples taken for each reading was 50000. V\ﬁ?ﬁm (below) for R-L. load with 139:s transition times.
this setting, the number of cycles of the PWM signal sampled
was 3 for a switching frequency of 360 Hz. by the greater amount of delay presentins during the OFF

The cut-off frequency is roughly the same for both thgs «ition.
simulated and the measured cases, around 4.5 kHz. Above
the cut-off frequency, the envelope falls with a slope of -

60 dB/decade and -62 dB/decade for the simulated and the
measured/rr respectively. In order to draw this envelope, Electrical equipment that is used for e.g. automotive appli
only the first few lobes in the mid kHz region were considereghtions should operate although variations in supply gelta
as the higher frequency region mostly reflected some unwantescur. In a car the voltage ranges from 7 to 15 V depending
noise. Such noise was even observed for the simulations. @methe alternator current, battery age, its charged camditi
of the reasons is the discretization of the reference veltagnd other factors. The experimental circuit investigatethis
signal caused by the D/A converter. paper operated without problems in the whole voltage range

As can be seen from Fig. 17, even the cut-off frequency foegion. However, the closer to the 7 and 15 V limit that the
the Vps waveform remained in the same region as¥air . circuit operated, the EMI performance deteriorated.

However the envelope falls with a slope estimated roughly toFig. 19 shows the circuit performance from simulations
be around -50 dB/decade, which implies that the responseuising the lower and upper voltage level, 7 and 15 V supply.
the circuit is not perfect. As can be observed, higher anmidit ~ For the case with 7 V suppl¥/ps follows Vrgr during the
values occur in the 10 kHz-100 kHz region for the measur&@¥FF transition. After the end of this transition, the MOSFET
case compared with the simulated case. This could be causedurned OFF and henckEps makes a sudden jump to a

mplitude [dBV]

V1. VARIATION IN SUPPLY VOLTAGE
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BERVARY/ IERVARY, Jan. 1996 Pages:807 - 812 vol.2, September 13-16, 1994, Rtaiya
0 : DS 0 DS [8] H. Sawezyn, N. Idir, R. Bausierd_owering the Drawbacks of Slowing
55 5.6 5.7 5.8 55 5.6 5.7 5.8 downdi/dt anddv/dt of Insulated Gate Transistors’Power Electronics,
t [ms] t [ms] Machines and Drives, 2002. International Conference omf{QRubl. No.
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[9] H.P. Yee. "An EMI suppression MOSFET driver” Applied Power
Electronics Conference and Exposition, 1997. APEC '97 €Ewmrfce
Proceedings 1997., Twelfth Annual , Volume: 1, 23-27 Fel®718p:242-

Fig. 19. Simulation of the control circuit for supply voleagf 7 and 15 V.

248 vol.1.

level equal to the supply voltage plus the forward voltaggpdr [10] Henrik Holst, Himashu Jain, Torbjm Thiringer, Tryggwuveson Re-
required for the freewheeling diode. The jumFMBS will give duction of RF-emissions from a Pulsed Electrical Supplygisin Active
. d EMI . Gate Contro] Paper No 070, NORPIE June 2004, NTNU, Norway
rise to unwante - noise. [11] Henrik Holst, Pravin FutaneReduction of EMI in Switched Mode

For the case with 15 V supply/ps does not complete a  Converters by Shaped Pulse Transitions and its Applicatmmybrid
full sinusoidal OFF transition, but is instead interruptgdhe 5'167%”%;’;2:?‘2% ng'g‘ers University of Technology 2004, ISSN 1401-
maximum voltage level. [12] Cadence Design Systems, Inc. 2006, PSpicAn OrCAD® family

In order to achieve a smooth transition independently of product providing industry-standard solutions for actaranalog and
the present supply voItage, the feedback gain should have m|>_<_ed-5|gnal smulaﬂons. URL: http://www.cadence.cornad/ ' _
b tuned accordinalv. It should be pointed out that thi iS[13] Xilinx Corporatlon_(2003), XC2C256 Coolrunner-1I CBL Design kit.

gen u gly. i p : ; il URL: http://iwww.xilinx.com/cpld/
minor problem. The fact that the main function, i.e. obtagni
a PWM-switched voltage, still is working without problenis,
the most importantissue in the case of a large voltage dewiat
from the ideal one. However, the results show that there is
a need for further development if the lowest possible EMI
performance is desired also at the upper and lower voltage
limits.

VIl. CONCLUSION

In this paper theoretical and experimental studies show tha
by employing smooth transitions in DC/DC converters, the
EMI from a switching converter can be reduced. A flexible
curve shaping circuit was developed and implemented for
control of resistive and R-L loads for a 12 V system. A method
of employing pre-charging of the gate of a switching MOSFET
is investigated and implemented with the aim of reducing
delays presented in switching voltage. Results from thexale
analysis and simulations showed that sinusoidal tramsis@a
beneficial choice compared to a linear transition, both imge
of reduction in EMI and lowering the switching losses (atlea
for a resistive loading case).

REFERENCES

[1] Y. Shrivastava, S. Y. Hui, S. Sathiakumar, H. S. Chung] &n K. Tse,
Harmonic Analysis of Nondeterministic Switching Methoadis DC/DC
Power ConverterslEEE Trans. Circuits Syst., vol. 47, pp. 868-883, June
2000.

[2] K. K. Tse, H. S. Chung, S. Y. R. Hui, and H. C. SA, Comparative
Investigation on the Use of Random Modulation Schemes falDDC
Converters IEEE Trans. Ind. Electron., vol. 47, pp. 253-263, Apr. 2000

[3] Divan, D.M., The resonant DC link converter-a new concept in static
power conversiony Industry Applications, IEEE Transactions on , Vol-
ume: 25, Issue: 2 , March-April 1989 pp:317-325

[4] Ned Mohan, Tore Undeland, William RobbinBpwer Electronics: Con-
verters, Applications and Desig@ nd Edition, John Wiley & Sons Inc.,
ISBN 0-471-58408-8

[5] A. Consoli, S. Musumeci, G. Oriti, A. TestdConducted Emission
Improvement of Modern Gate Controlled DeviceFroceedings oNinth
International Conference on Electromagnetic Compabil@gptember 5-
7, 1994, Manchester, UK






	Abstract
	Acknowledgements
	Contents
	Introduction
	Problem Background
	Objectives and Scope of Thesis
	Contributions with Present Work
	MOSFET Modeling
	Active Gate Control
	Double MOSFET Switching

	Outline of Thesis
	Publications

	Semiconductors and Converters
	Component Background
	The pn-Diode
	Modeling of the pn-Diode

	The Schottky Diode
	The PiN-Diode
	Conductivity Modulation and On-State Losses
	Turn-on Behavior of the PiN-Diode
	Turn-off Behavior of the PiN-Diode
	PiN Diode Modeling

	The MOSFET
	Operating Regions for the Power MOSFET
	Internal Capacitances of the MOSFET
	The MOSFET in conducting State
	Turn-On Behavior of the MOSFET
	Turn-Off Behavior of the MOSFET
	The MOSFET model in SPICE
	PSPICE MOSFET Models Adapted for Switching Applications

	EMI Generated by Switched DC/DC Converters
	Hard Switching Converters
	Simulating EMI from a Switched DC/DC Converter
	Random Switching
	Gate Voltage Control


	Semiconductor Modeling
	Nodal Analysis Vs. State Variable Approach
	Improving and verifying the diode model
	Determining the pn-Junction Capacitance
	Validation of the Reverse Recovery
	Implementation of a Diode Model Based on Charge Locations

	A Novel MOSFET Model Based on Circuit Analysis
	Parameter Extraction for a Power MOSFET
	MOSFET Model Under Static Conditions
	MOSFET Model Under Dynamic Conditions
	Switching With Purely Resistive Load
	Comparison of Simulations and Measurements


	Active Gate Control and Controller Design
	Active Gate Control - Theoretical Derivation
	Controller Design
	Selecting the output of the system
	Controller Design

	Implementation of Active Gate Control
	Step Response of the System
	Sinusoidal Step Response of the System
	Controller Design With Varying Parameters
	Robustness of the Circuit
	Switching Losses with Active Gate Control

	Conclusions
	Future Work
	Written References
	Internet References
	Symbols and Glossary
	Derivations of Essential Formulas
	Selected Publications

