The concept of IGBT modelling
and the evaluation of the PSPICE® IGBT model
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Abstract

The ability to calculate power losses in the Insulated Gate Bipolar Transistors (IGBTs) embedded in a series
resonant converter is of great interest at ALSTOM Power, Vaxjo. Correctly estimated power 10sses are valuable
in various situations, e.g. when evaluating new types of IGBTSs or different control strategies. Therefore, it is
desirable to investigate and evaluate the existing computer based IGBT models, where the magjority is
implemented in various circuit simulators.

In this thesis, the MicroSim* PSPICE* IGBT model is evaluated with respect to the application of the series
resonant converter. Particularly, this involves the issues of conduction losses and switching losses both at hard
and soft switching.

To be able to characterise a specific IGBT, a major parameter extraction procedure is performed, adapted from
Hefner [7]. The parameters are subsequently used in the simulations and the result is compared with reference
values of the measured power losses in the series resonant converter. This procedure is carried out for three
different IGBTs from different manufacturers (Eupec, Semikron and Toshiba).

The evaluated model failed to comply with the stated specifications, mainly owing to the poor performance at
soft switching with a capacitive snubber, and consequently, some possible future alternatives are given.



Acknowledgements

Figt of dl, | sincerely would like to thank my supervisor at the department of Industrial Electrical Engineering
and Automation (IEA), Per Karlsson, for his support and advice during thisthesis.

Secondly, | am also very grateful to Per Ranstad, supervisor at ALSTOM Power, Vxjo, for the possibility of
conducting my master thesisat ALSTOM and for the continuous assi stance and encouragement during my work.
| also would like to thank the rest of the staff at ALSTOM for making my time at the company very enjoyable.



Contents

L INTRODUGCTION L..ciiiiiiieiit e ceesee st et stee e sate e s e e steeanteeeaseeeasteessteeansesaseeeasesessseessseesnsessnsenessenesssnesnsensns 3
1.1 BACKGROUND ...ceuttietteesureesseeessesessseessseessseeaseeaase e e as et e sab e e s s e e e s e e e b e e e ah e e e sa R e e s R e e e R e e e eR e e e amn e e saneenareeenreeennne s 3
1.2 WWORKING PROCESS. ... eeuteeeuresestesessseesuseasssessseesasesessaeesaseesasesase e e asee e as et e sabe e s Re e e be e e ebe e e amreesareenareeenneeeanne s 3
R B I 1Y o 1 1 SRS S 4

2 CONVERTER TOPOLOGY ....uttiiiiieitieesiieesteeasteeasteeesstaessteesntesansesassesessseesssessnsessssesessssesssessnsessnsesessessssees 5
2.1 SNUBBER CIRCUITS .. utttteittetesstteaesasteeaesaseeeesasenaesassesesasaesesansensssassesessnsssessassessssassesessnssneesssensesnsseeessnsens 5

L F= T VT L ot o T oo [PPSR 5
The CapacitiVe SNUDIDET ..ot sb e b b e sreesree 6
The charge-discharge RCD SNUBIDET .......cc.ooiiii e 7
2.2 THE SERIESRESONANT CONVERTER ....ctttitttteeiutteeesasteeessstesesantaeessassesessasseessansensssassesessnssnssssssessssnssesessnsens 7

3 POWER SEMICONDUCTORS......ciiiiieiiieiieeesieeesteeesteeessteesnteestesssseeessaeessteesnteessessnsesessesessseesnsessnsessnses 10

.1 POWER DIODES ....eiitiuttetesatteeeeatteee s st e e sssteeeessteeesasseeeeasteeaesnsteeesanteeeeasteeeeansseeeaanseneeanssenesansseeesansenenanns 10
Basic structure and i-V CharaCteristiCS. .. ....uvviiiiiiei et e e nre e e enee s 10
Non-punch-through and punch-through diOdES.............ooiiiiiiiiiie e 11
On-state |osses and conAUCEIVILY MOAUIBLTION. .........oiveiiiiiiiiie et 11
SMICHING CRArACIEITSHICS. ...t eeteetee ittt sb e sb e sb e b bt e sbe e sb e bt e s beesbeesbeenaeenaeas 11
Important features of DIPOlAr AEVICES..........coiiiiiiii bbb 12
SCNOLEKY QIOUES ...ttt bbbt b e bt b e sb e b s b e sb e e sbe e sbe e sbeesbeesbeesaeenaeas 12

3.2 BIPOLAR JUNCTION TRANSISTORS (BJTS) ..c.ueiiiiiiiiiiiesiie sttt sttt sttt st st s sttt 13
Basic structure and i-V CharaCteristiCS. .. ....uvv it et nreeennee s 13
L= T 017> =T T 0 P 14
SMICHING CRAIACIEITSHICS. ...t eeteeitee ettt b e bt bbbt e bt e sbe e sbe e beesbeesbeesaeenaeas 15
S < or0 0l o =1 [0 o S 17
SAfe OPErating ArE8 (SOA) ..eovee ittt ettt sttt b e bt e s bt bt e bt e sb e e b e e b e e bt nbe e b e e b e b e b e naeenaes 17

3.3 METAL OXIDE SEMICONDUCTOR FIELD EFFECT TRANSISTORS (MOSFETS).....c.coiiiiieiieiie e 18
2T T oS 1 (=SS 18
Yot g V= 1 oSS 18
Inversion layer and field EffECE ........ooiiiii e 19
SMICHING CRArACIEITSHICS. ...t eeteeitie ittt b e bbb bt bt e sbe e sbe e be e sbeesbeesaeenaeas 20
Conduction losses and breakdoWN VOITAGES ..........eoiiiiiiiieiie e 22
Safe OPErating ArEa (SOA) ...co ettt ettt b e bbbt bbbt b bbb e b e na e beenaeenaes 22

3.4 INSULATED GATE BIPOLAR TRANSISTORS (IGBTS) ...ccuiiiiiiiiiiiiie ettt st st e 22
(@ g Fo 1ol o= = L o] o BTSRRI 23
SMICHING CHArACIEITSHICS. ...t eeteeitee sttt sb e bbbt sb e sb e sbe e sbe e s be e bt e sbeesaeenneas 23
(1= (o 010 o TSP PRPPRPRRIN 24

AIGBT MODELS.... .o iii ittt ettt s bt st ss e e s te e et e e etae e as e e amteeanteeaseeeaseeeanteesmteeanteeensenennenennnnenns 26

4.1 |GBT MODEL CATEGORIES. .. eeiutetitetestetessteesreesasesaasesessseessseessesaasessaseeessseesasesaseeeaneeesnneesareesressaneeennnees 26
A. BENAVIOUIal MOGEIS .....coieiieieiee ittt se e e et e e sae e e snte e snteesnteesteeesneeenneeesnnenans 26
B. SemimathematiCal MOTEIS. ... ..ccciie e e et e e sree e sree e snteesreeenreeennee s 26
C. MathematiCal MOUEIS........cei et e s et e e sre e e snee e snte e steeenseeesneeesnseesnseeennes 27
D. SEMINUMENICAl MOEIS. ... eeeiiee e e e e e s te e s e e te e e sree e ssteesnteesnteeenseeenneees 27

4.2 THE MICROSIM? PSPICE? MODEL .....covuiiveisieseisssseississss s sssss sttt st 27

5 PARAMETER EXTRACTION. ...ttt i ittt seeesteeestee e stee e ssteesteeste s s steeesseeesnteesnseesnseesseseasenesnseesnsessnsessnses 29

5.1 PARAMETER EXTRACTION PROCEDURE ......ucttiittttesiuteeeesastesassseesesansenessassesessnssesesassessssnssesessnssesessnsenessnns 29

IVIBASUN BITIENIES. ... et e ettt ettt e ettt e e sttt e e et ee e e e sttt e e st e e e e st e e e sante e e e smteeeessteeeeanseeeeeanseneesanseeeeanseeeesansenennnns 29
LiTAI DECAY RALE......cteeeiiteete ettt ettt ettt b et a e bt et e ae e e bt e et e se e e b e e et eas e e b e e bt emneeb e e bt ennesbeereennenreen 29
2: Tail size versus anode current for different an0de VOITAgES. ........c..eeiiiiiiierieie s 30
3: Saturation CUrreNnt VEIrSUS JaLE VOITBTE .........vetieieiiieiie ettt ettt ettt e st n e e et e enneaneas 32
4: ON-state VOItagEe VErSUS Qa8 VOITAGE. ... .euveeeeteeteiieesie ettt ettt sttt b et e st et e e e s b e et e e nnesreenreenes 32
5: Gate aNd GatE-AraiN ChAIGE. ... ccuiiueeiteertt ettt ettt ettt e sttt b e e bt se e s be e bt e e e s beesb e enness e e nbeennesneenbeennesneas 32

5.2 IMPLEMENTATION OF PARAMETER EXTRACTION PROCEDURE .....cvtetiutereeiastereesreeeesssrenessnsseeessnseessssssenessns 34
The clamped inductive load circuit and the constant anode SUpPPlY CIFCUIt .........ccoocvviiriinienie e 34
TNE E15 V gale AriVE CIFCUIT ...c.veieiiitie ittt ettt sttt ettt e 35
TN g g= 10 = 0 = o] ST 35



5.3 RESULTS OF THE PARAMETER EXTRACTION ....iiiiiettttisseeessessssasssesssessssansssesssessssnsssesseesssnnsseessersssnnns 35

LT I TS @ 0 1SS ) 36
(SIS YL N I 10 L T 37
6.1 SIMULATION IN PSPICE.... ..ottt e e e e e et e et e s e e e s et e bbb sseeesseesbb s eeeseeesraaanses 37
6.2 SIMULATION OF THE SERIES RESONANT CONVERTER ... . cititttttttisteeesreretsisseesssrssssnsssssssessssnssessersssnnnns 37
LSRRG I (= = 38
LSRN I TS @ 0 1SS ) T 39
T CONCLUSIONS. .ttt ettt e e e e et e et e s s e eae st e et b s seeas s e e et b s ssees e e st baa s seaseesssbaasseeesensrren 40
0 T {5 40
A U= Yo = 40
REFERENCES ... ..o 41
F N e = N5 52 42
A.1 OPTIMAL VALUE OF SNUBBER CAPACITOR ...cutuuttittttttttttssseessesstssssssssessssssssssessssnnseesssesssmseeesreenn. 42
A.2 UNDAMPED SERIES RESONANT CIRCUIT ..itttvttttsseeesieeststsssssssesssssassssssesssssssesssessssnnsesessessssnnsseeesreenn. 42
F N md o N1 115, G = 43
B.L DERIVATION OF Digguuruiieiittiiieiitieeeiiiteeeeietteeeesteeeesetteeeesetteeesaataseesasbeeessbseeesaabessssastesessabaeeesastanessnsreeessnrens 43
B.2 MEASUREMENT INSTRUMENT S, .. etttuuuttettttestsusssesssesssansssssseessssnssessssessssnsteeeseestssmeeesreeseeerr. 44
N e = N5 5, 45
C.1 PSPICE SIMULATION MODEL OF THE SERIES RESONANT CONVERTER.....uuuiiieetietrttienseeessersssnsseesseessssnnns 45
C.2 SIMULATION OUTPUT = BUPEC. .. .uiiiiiiieitiee ettt e e ettt s s e e e e s et at s s e e e s e eat b seeesseesbaa s seeseeesbannnses 46
C.3 POWER LOSSES - PARAMETER SET:. "OPTIMISEDL” .ovuuiiiiiiiietitiei e ee sttt s s e e e s e eetbe s s s e e s s e esbaa s s s s s eeessaaa s 47
C.4 POWER LOSSES - PARAMETER SET:. "OPTIMISEDZ" ...eeiiiieiieetttiee e e e e sttt s s e e e s seetbae s s s s s sseesbaa s sssseeessaannes 48
C.5 PARAMETER SETS FOR THE PSPICE SIMULATION ..cttuuiitiieiiietties e ee sttt s e e e s seette s s s e e s s eesbaa s s s s seeensannnes 49



1 Introduction

1.1 Background

ALSTOM Power Environmental Systems produces and develops high frequency power converters (20 kHz,
100kW), for power supply in industrial applications. The converter includes a full-bridge inverter, Figure 1.1,
where Insulated Gate Bipolar Transistors (IGBTs) congtitute the switches.

When replacing switching devices by different models, or when developing new systems and strategies,
switching and conduction losses are essential to know for the evaluation of the system. At ALSTOM today,
losses are partly manually measured, which is a very time consuming process. A more efficient way of
estimating losses would be to use a computer-model for calculation or simulation, which may also provide a
more detailed study of the various components congtituting the total losses. The purpose of this thesis is to
examine existing model s and to evolve and eval uate an appropriate modd .

The model should be characterised by either information from datasheets or from measured characteristics. The

dynamic characteristics and the performance at soft switching are of special interest. Moreover, the model should
hold amargin of error of no more than 10 %.
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Figure 1.1 The seriesresonant converter including a full-bridge with IGBTSs.

1.2 Working process

The gtarting point of this master thesis is the literary study, which starts with literature of power eectronics to
get basic background knowledge of converter topologies and semiconductors. To improve the understanding of
converter design, the MicroSim* PSPICE? circuit simulator is used for simulations of fundamental converter
topologies.

The subsequent survey of IGBT modds involves a major information retrieval, basically with the Internet and
the |IEEE database of scientific papers, IEEE Xplored, as the principal source. After evaluation of the literary
study, the conclusion is drawn that no smple model, for loss calculations only, is to be found and that a
simulation modd within a commercial smulator is the appropriate aternative. The final decision is made to
evaluate the MicroSim* PSPICE* model since this is aready available at ALSTOM and seems to have the
potential of desired accuracy.

The literary study also brought forward the importance of a parameter extraction procedure to characterise
different devices correctly. Hefner [3]-[8] has done extensive research in the area of modelling semiconductors
and since much of his work composes the basis of the PSPICE® mode, also the parameter extraction procedure
developed by him is adopted. Further simulations are executed to verify the procedures and circuits for the
chosen set of parameters. Subsequently, design and construction of the extraction circuits as well as gate drive
units are performed.

The various measurements of the extraction procedure are logged on a computer, via an oscilloscope, to perform
mathematical operations and curve fitting algorithms on the collected data. The processing of data is done in
MATLAB? and the resulting parameters logged in an ordinary spreadshest file.

The final part of the evaluation process is to design a smulation model of the series resonant converter,
including the IGBTs with adherent parameters, and to simulate the different scenarios in accordance with the
reference measurements of the total |osses.



1.3 Thesis outline

In Chapter 2 and 3, the series resonant converter, basic snubbers and relevant semiconductors are studied in
order to present the fundamental facts to the reader. Some basic circuit- and semiconductor-knowledge is
required, however, the important concepts are explained in general and the detailed studies are left to the
interested reader.

Chapter 4 involves the literary study made and the aspects of the evaluation. The parameter extraction procedure,
as wdl as the designed circuits, is presented in the subsequent chapter, Chapter 5, along with results and
comments. In Chapter 6 the smulation tool and the performed simulations are reviewed. Finaly, the thesis is
concluded in Chapter 7.



2 Converter topology

Most electrical systems like computers, battery chargers, television sets etc. are operated at other voltage levels
and functions than what is delivered by the line supply voltage. To adapt the voltage to the desired levd,
different kinds of converters are used and these can be categorised into ac/dc, dc/dc, ac/ac converters. Here
ac/dc converters are assumed to have bi-directional flow of power and no digtinction is made between
conversion from ac to dc (rectifier) or dc to ac (inverter). Not only the voltage level (amplitude) can be
transformed with a converter; frequency and phase may also be altered arhbitrarily.

Depending on the requirements and prerequisites of the system, there are numerous different topologies for each
specific converter category [19], [20]. Neverthdless, there are some factors that are common to all applications;
the aim to minimise the losses during conversion and the building blocks of switches (semiconductor devices)
and energy storage elements (inductors and capacitors). To enhance the first factor, additionally circuit elements
may be added to the basic topologies to minimise overvoltages or the rate of rise of the voltage/current. In the
first part of this section, the fundamentals of such eements, referred to as snubbers, are studied. In the
subsequent section, the converter of special interest in this thesis, the series resonant converter, is investigated.
For amore detailed understanding of different converter topologies and snubber circuits, refer to [19] — [22].

2.1 Snubber circuits

Snubber circuits are used to reduce the stresses on semiconductor devices e.g. by minimising overvoltages
during turn-off caused by stray inductances, limiting the rate of rise of the current during turn-on or enhance the
switching trajectories to reduce the switching losses. There are multiple types of snubber circuits depending on
the embedding circuit and type of semiconductor, as well as the purpose of the snubber. Consequently, diodes
demand different snubbers than thyristors, turn-on snubbers differ from turn-off snubbers for transistors and
additionally snubbers are needed in bridge applications [20].

For the series resonant converter, as will be discussed later, the purely capacitive snubber is sufficient enough
and istherefore, along with the RCD-snubber, the only snubber studied here.

Hard samtching
The step down converter is a fundamental bridge configuration and is shown in Figure 2.1. The current source

acts like an inductive load and the current is carried by the power transistor (IGBT in this case) during on-state,
and by the freewhedling diode during off-state.

lioad

Figure 2.1 The step down converter.

In Figure 2.2, the collector current and collector-emitter voltage transients during switching of the step down
converter are illustrated. The simulation values (in [21]) for the load current and the dc link voltage are |y =
0.8lc and V4. = 0.6Vces, Where I is the rated maximum collector current and Vcgs is the rated maximum
collector-emitter voltage. Note that the voltage and current are expressed in per unit of the normalisation values
Ic and Vces.

During turn-on, the semiconductor is exposed to a high current peak as a conseguence of the reverse recovery of
the freewhedling diode (section 3.1). At the same time the collector-emitter voltage is till high, thus, causing
high switching losses. During turn-off, the losses can be even higher due to the long collector current tail
(section 3.4). The semiconductor is, under these conditions with simultaneously high current and voltage, said to
be operating under hard switching.
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Figure2.2 Normalised transistor current (black) and voltage (grey) during a) turn-on and b) turn-off of the power transistor in the step
down converter [21].

The capacitive snubber

Extensive losses can cause critical junction temperatures or force the transistor to operate outside the Safe

Operating Area and subsequently cause device failure. To avoid this, a snubber circuit is added to the converter,
likein Figure 2.3.

1

Figure 2.3 The step down converter with a capacitive snubber.
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The purpose of the capacitor, Cs, added in paralld with the transistor, is to offer an alternative way for the load
current at turn-off and simultaneoudly raise the collector-emitter voltage asin Figure 2.4b. Thisis not possible at
hard switching, when the only aternative path for the current is through the freewheding diode, which hasto be

forward biased to conduct, resulting in that approximately the entire dc link voltage, Vy, is applied across the
transistor during the fall time of the current.
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Figure 2.4 Normalised transistor current (black) and voltage (grey) during a) turn-on and b) turn-off of the power transistor in the step
down converter with a capacitive snubber. Note the collector current peak at turn-on, and the simultaneously change of the
collector current and collector-emitter voltage at turn-off [21].

Switching with snubber circuit embedded is usually referred to as soft switching, or like in this case, zero voltage
switching (ZV'S), owing to the collector-emitter voltage level at the start of the turn-off switching sequence. This
actually lowers the turn-off losses, and furthermore, can enhance the electromagnetic compatibility (EMC) by



reducing the derivative of the collector-emitter voltage. However, apparent from Figure 2.4a, the drawback of
lower turn-off lossesisthe higher collector current pesak at turn-on, adding stressto the transistor.

At the ingtant of turn-on, the capacitor is fully charged and since the freewhedling diode is still conducting, the
capacitor voltage equals the full dc link voltage. The diode becomes reversed biased at the pesk of the reverse
recovery current and at this moment the capacitor can be discharged through the transistor, causing the peak of
the collector current during turn-on, Figure 2.4a.

The value of the capacitor should be chosen in away where the capacitor voltage reaches its off-state level at the
same time as the current reaches zero [22], asin Figure 2.4b. If a lower capacitor value is applied, the capacitor
voltage reaches the full dc link voltage before the current has reached zero, and if a higher value is chosen the
discharge current at turn-on is increased. The mathematical expression for the optimal capacitor value can be
found in Appendix A.1.

The charge-discharge RCD snubber

To decrease the current stress of the transistor at turn-on, the discharge current has to be limited. Thisis done by
a charge-discharge RCD snubber [21], further on only referred to as RCD snubber, shown in Figure 2.5.

Ic
+ Ds Rs
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Voe () ' T Cs

% i I load

Figure2.5 The step down converter with a RCD snubber.

The diode is connected in parallel with the resistor to bypass the current at turn-off when the capacitive snubber
is efficient, and the resistor only would cause higher losses. However, at turn-on, the capacitor is discharged
through the resistor and the discharge current carried by the transistor is limited. During turn-on at hard
switching, the transistor carries both the load current and the reverse recovery current, and at soft switching with
a snubber, the transistor carries the sum of the load current and the discharge current when the freawheding
diode has recovered. Consequently, to not increase the stresses on the transistor, caused by the snubber compared
to those caused by the freewhedling diode, the resistor value should be chosen in a manner to limit the discharge
current to be lower than the reverse recovery current, I,,. Thisgives aresistor value of

Vdc

I

r

R >

However, the resistor value should not be chosen too high, since that would slow down the voltage decline and
the capacitor should be fully discharged before the next turn-on to be efficient.

2.2 The seriesresonant converter

The series resonant converter constitute one part of a group called load resonant converters [20]. As the name
implies, the converter consist of a resonant part composed by inductors, capacitors and resistors and where
usualy the latter is part of the load. The purpose of this circuit is to offer soft switching (ZVS or ZCS),
according to the resonant behaviour of the converter, resulting in lower switching losses, which in turn may
facilitate a higher switching frequency.

A series resonant DC to DC full-bridge converter is shown in Figure 2.6, where the resonant LC tank is
connected to the load via a rectifier. Without the rectifier, the circuit is referred to as a series resonant DC to AC
converter.

A transformer may be included before the rectifier to provide an output voltage of desired magnitude as well as
electrical isolation between in- and output.
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Figure2.6 A seriesresonant DC-DC full bridge converter.

To smplify the analysis of the series resonant converter, only a half-bridge, Figure 2.7, is studied. The operation
of the switches and the output waveforms are identical, with the addition of the operation of one switch in the
half-bridge converter (e.g. T.) corresponding to the operation of two switches, in antiparallel (Ta+ and Tg), in
the full-bridge converter. The transistors in the full-bridge are in Figure 2.7a replaced by ideal switches, the
resonant tank consists of L, and C, and the capacitance of the output capacitor, C;, is usualy large to make the
output ripple low.
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Figure 2.7 Seriesresonant converter: a) half-bridge b) equivalent circuit[20].

The output waveform and the internal state of the converter is depending on the direction of the flow of the
current and which device that is conducting. When i, is positive, it flows through the transistor, T if it ison and
through the diode, D. , otherwise and the output voltage, V,, is reflected across the rectifier so that Vge=V,.
When the current reverses, it commutates to the opposite transistor and diode (T. and D.) and Vgg = -V,.

This sequence of operation can be described by an equivalent circuit illustrated in Figure 2.7b, and the different
states during one period are:

fori, >0
T, conducting: Vg, =+%V; Vg =+%V, -V,
D. conducting: Vg =- Y&V, V,g=- YV, -V,
fori, <0
T conducting : V. =- YV, Vg =- YV, +V,
D, conducting: V,g =+YV, V. =+%V, +V,



The derivation of the output waveforms for the basic undamped series-resonant circuit is given in Appendix A.2.
The resonant converter has a resonance frequency equal to

and the converter can be operated in different modes depending on whether the switching frequency is lower or
higher than the resonance frequency. In this study, only continuos-conduction mode, with ws > Wy, is considered.

During this mode of operation, the switches turn-on at both zero voltage and zero current but are forced to turn
off a a finite current. Starting at Wty in Figure 2.8, the transistor T, starts conducting the reversing positive
current and when T. is gated off, at woty, T. is gated on. However, the current is still positive and therefore
commutates to the diode, D. , but declines quickly towards zero because of the great negative voltage applied
over the LC tank (- V¢/2— V). When the current becomes negative, it is carried by T. and an identical half-cycle
asthefirst oneis started.

As mentioned earlier, during this mode of operation, the switches turn on at zero current and also (nhearly) zero
voltage (because the parallel freewhedling diode is conducting, hence, is forward biased, prior to turn-on). This
means the reverse recovery characteristicof the freewheeling diode is not of importance since the current has
reached zero at turn-off of the diode. Ancther advantage of the simultaneoudy ZVS and ZCS, is that losdess
turn-off capacitorsin paralld with the transistors can be used as turn-off snubbers.

e——— 1 cycle————{

Ve

Figure 2.8 Seriesresonant converter, continuos conduction mode (ws > wo)[.20].



3 Power semiconductors

Power semiconductors are substantially different from ordinary logic-level semiconductors considering structure
and characterigtics. In this chapter the most important and basic features of the power diode, bipolar junction
transstor (BJT), metal oxide semiconductor field effect transstor (MOSFET) and the insulated gate bipolar
transistor (IGBT) are studied. The reader is assumed to have some basic knowledge of semiconductor physics
and be familiar with common terms like the pn-junction, recombination, lifetime, drift and diffusion.

The following subsections are a summary of the more comprehensive texts about semiconductors found in [20]
and [22].

3.1 Power diodes

Basic structure and i-v characteristics

The basic structure of the power diode is the simplest form of all semiconductors and the fundamental building
block for all semiconductor devices. The cross-section of a power diode is illustrated in Figure 3.1a and it is
realised by epitaxial growth of alightly doped n” layer on top a heavily doped n* layer. The thickness of the '
layer, also referred to as the drift region, is dependent on the desired breakdown voltage. To form the pn-
junction, a heavily doped p* region is diffused into the drift region.

Anode
Ig

p+

n- Drift region o
n+ Substrate d

Cathode
(@) (b)

Figure 3.1 a) Cross section of power diode and b) circuit symbol.

The feature that distinguishes the power diode from the signal level diode is the drift region, which is specific to
all power semiconductors, and enables the depletion layer to grow into the drift region at reverse blocking
voltages. Devices with high breakdown voltages, hence, thick drift regions, would logically have a high
resistivity on account of its thick, lightly doped layer. However, the conductivity modulation (discussed later) of
the drift region reduces this problem in all bipolar devices (i.e. devices utilising minority carrier injection).

Thetypical i-v-characteristic of a power diode is shown in Figure 3.2. It resembles the characteristic of a signal
level diode with the difference of an ohmic curvature, instead of an exponential, in forward bias. Thisis due to
the ohmic resistance of the drift region appearing at the high current levels applied to power diodes. At reverse
bias only a low leakage current is allowed to flow until the breakdown voltage, BVgp, is reached and avalanche
breakdown occurs with device failure as a possible consequence.

A id

BVep

v

Figure 3.2 Thei-v characteristic of the power diode.

10



Non-punch-through and punch-through diodes

There are two different ways of designing the breakdown voltage rating of a diode. The first one is to make the
drift region wide enough to maintain the entire depletion region, which is called non-punch-through diodes. The
second approach is to have a more lightly doped drift region, where the depletion region extends all the way to
the n* substrate, however, not much further into the layer because of the heavy doping in the substrate.
Practically, this resultsin a punch-through diode with half the thickness of the drift region compared to a non-
punch-through diode with the same rated breakdown voltage.

On-state losses and conductivity modulation

The total losses of semiconductors can principally be divided into on-state losses (or conduction losses) and
switching losses, ignoring off-state losses during reverse bias. For the power diode, at least for medium
switching frequencies, the on-state losses are predominant and mostly dissipated in the drift region. For signal
level diodes, the voltage across the diode under forward bias can be said to be constant and approximately equal
to 0.7 V. If the current flowing through the diode is defined as |, the dissipated power would be given by
P=0.7*1. Yet, this would lead to an underestimation of the losses in the power diode on account of the ochmic
resistance in the drift region.

Calculating this resistance on basis of geometry and equilibrium carrier densities, not considering the effect of
the carrier injection into the drift region, also referred to as the conductivity modulation, would also lead to false
results.

When the pn-junction is forward biased, holes are injected from the anode into the drift region. At low-level
injection these holes are in minority compared to the thermal equilibrium value of the eectron concentration of
the lightly doped n" drift region. However, at high-level injection the number of injected holes widdly overcomes
the quantity of eectrons of the drift region, thus, creating a space charge of holes. This space charge attracts
electrons from the n* substrate, which start to drift towards the injected holes while recombining along the way.
This phenomenon is called double injection and results in a much lower ohmic resistance of the drift region than
at thermal equilibrium.

Switching characteristics

Losses during the switching period depend both upon the switching times as well as the curvature of the voltage
and current during that time. Furthermore, these factors are affected by both the intrinsic properties of the device
aswell asthe interaction with the surrounding circuit. An example of thisis the time rate of change, di/dt, which
often is controlled by circuit inductances or by the turn-off of a solid-state device where the diode serves as a
freewheding diode.

In Figure 3.3 the switching period can be divided into five different time intervals, where t; and t;, represent the
turn-on trangent and t; and t,, the turn-off transient.

Turn-on transient

During t;;, the space charge within the depletion region, upheld by the high reverse bias, is removed and at the
end of t, the depletion layer has reached its thermal equilibrium level. At the start of the second phase, ty, the
pn-junction is now forward biased and injection of minority carriers commences and the excess-carrier
distribution grows towards the steady-state value supported by the current 1. The great voltage overshoot, built
up during t; is due to the ohmic resistance in the drift region, where the conductivity modulation not yet is fully
developed, in addition with the voltage contributed by stray inductances in the wafer and bonding wires. When
the current has reached its maximum value, lo, di/dt approaches zero, hence, the voltage caused by stray
inductances reduces along with the voltage drop over the drift region, which is shorted out by the vast amount of
excess carriers. Nevertheless, the peak voltage during this period may reach severa tens of volts and can affect
the performance of the circuit.

Turn-off transient

The turn-off sequence is basically the reverse of the turn-on sequence. Starting at t;, the excess charge is
removed from the drift region and this carrier sweep out is continued by the negative diode current during tyy, in
addition with the recombination process. When all the excess charge at the ends of the drift region is swept out,
the junctions can become reversed biased (t;,) and the depletion regions expand into the drift region from both
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junctions. The excess carriers are now too few to sustain the current required by the inductive circuit and the
negative diode current decays towards the off-state |eakage level.

The interval during which the diode current is negative is called reverse recovery. This is an important
characterigtic and is aways stated in data sheets in terms of the recovery time, t;;, the negative peak of the diode
current, I, and the reverse recovery charge, Q.
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Figure 3.3 Switching trajectories for the power diode.
Important features of bipolar devices

The design of all power semiconductor devices is a trade-off between properties like breakdown voltage, on-
state losses and switching losses and this has to be considered when choosing devices for a specific purpose.
Compared to majority carrier devices like MOSFETs and JFETS, the on-state voltage drop for bipolar devices
can be made low and virtually independent of the current. This is accomplished by making the lifetime
sufficiently long for the diffusion length, L, to be comparable with the drift region length, Wy A drawback of
lower on-state losses is the amount of stored charge in the drift region, owing to the enhanced carrier injection,
resulting in longer switching times as was evident in previous subsection. Finally, the demand for higher
breakdown voltages requires thicker drift regions since the voltage drop across the drift region is proportional to
the square of itslength, Wj.

Schottky diodes

A diode with basically the samei-v characteristics as the one previoudly discussed is the Schottky diode.

The structural difference is the p* layer replaced by a metal film on top the n” layer. Electrons have different
potential energy in different materials and the eectrons in the metal film have lower absolute potential energy
than éectrons in the semiconductor. This creates a flow of dectrons from the semiconductor into the metal,
resulting in a negatively charged metal and a depletion layer in the semiconductor adjacent to the interface. The
basic difference, compared to pn-junction diodes, is the lack of holes (i.e. minority carriers) in the process. The
carrier flow in the Schottky diodeis entirely constituted by electrons.

The advantage of this type of diode is the low on-state voltage, which can be as low as 0.3 V, making it
appropriate for some power applications where relatively low breakdown voltage (100-200V) is acceptable.
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3.2 Bipolar Junction Transistors (BJTs)

Basic structure and i-v characteristics

Like other power semiconductors, the capability of sustaining high current levels and high blocking voltages
demands a different internal structure of the device compared to signal level devices. The structure of a npn BJT,
the type most widely used, is found in Figure 3.4 along with the circuit symbol. For the pnp transistor, the
opposite type of doping and reference direction of currents and voltages are used.

T Base T Emitter

N+ 10%cm 3 S C
p 10®cm 3 B
n- 10" cm3 Drift region
Nt 10%cm? Substrate E
i Collector
(a) (b)

Figure 3.4 a) Vertical structure of npn BJT with typical doping densities and b) circuit symbol

The vertical structure, with a large cross-sectional area, gives the advantage of lower on-state resistance as well
as a low thermal resistance, which minimise the power dissipation in the transistor. In addition, a narrow base
results in good amplification capahilities, although, a too narrow base compromises the breakdown voltage
capability. In redlity, the numerous bases and emitters on a chip is designed like narrow, interleaved fingers to
avoid current crowding (explained later) and parasitic ohmic resistance.

The current gain, 3= Ic /lg, for a common BJT is quite low, typically 5-10, and is not enough for most power
applications. To enhance its performance, a monalithic (i.e. grown on the same wafer) Darlington connection is
used, see Figure 3.5.

Figure 3.5 Darlington connection where 3= Rr; Ry +R71+ Brp. D1 is added to aid turn-off and D2 for full bridge applications.

Thei-v characteristic of a BJT isillustrated in Figure 3.6. The characteristic is smilar to the one of the logic
level transistor, except for the quasi-saturation region, which depends on the lightly doped collector drift region
inthe BJT.

One feature of the characteristic of the BJT is the maximum sustainable collector-emitter voltage at high
collector currents, BV gys, With the base open, even higher voltage can be sustained, BV ceo. This voltage is often
considered as the trangistor’s stand-off capability since the transistor mostly experiences high voltages only at
zero base current when the BJT operates in cut-off. Less practical sense has BV cgo, the collector-base voltage at
open emitter circuit.
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Figure 3.6 Thei-v characteristics of aBJT.
Gain mechanism

During operation in the active region, the collector drift region has little influence on the operation and the
analyses of carrier transport and distributions can be smplified by neglecting the drift region.

In the active region, electrons are injected from the emitter into the base, and holes from the base into the emitter
because the base-emitter (B-E) junction is forward biased. The collector-base (C-B) junction is reversed biased,
hence, thermally generated holes are swept out from the depletion region, adjacent to the junction, into the base
and e ectrons are swept out from the base into the collector. This establishes a minority carrier distribution with a
high gradient, like in Figure 3.7b, which supports a considerable diffusion current.
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Figure 3.7 a) Carrier transport in asimplified model of the BJT and b) stored charge distribution in the normal active region [20].

The base current, entering the base from the B-E junction, is not equal to the current leaving the emitter on the n-
type side of the B-E junction, because of the alternative way for electrons to exit the base via the collector. There
are three reasons for this:

The diffusion length of the eectrons is longer than the width of the base, hence, few eectrons recombine
before they reach the collector.

The diffusion current through the base carries most of the eectrons to the edge of the space charge region
where the strong eectrical field, caused by the reverse biased C-E junction, quickly sweeps them into the
collector.

Therelatively large area of the collector yields a high possibility for the eectrons to reach the collector.
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In summary, this implies that the collector current is considerably higher than the base current, and therefore, is
approximately equal to the emitter current. The much lower base current causing a high collector current gives
rise to the gain mechanism of the BJT.

The main factors for a high gain, b, are; heavy doping of the emitter, long minority-carrier lifetime and a narrow
base, however, these factors al so affects other properties of the transistor and a compromise is often necessary.
Moreover, there are two specific factors causing adrop in b at high current levels - conductivity modulation and
current crowding.

The decrease caused by the conductivity modulation occurs at levels of the minority carrier doping density equal
to the majority carrier doping density. This is due to the fact that the base current increases to supply excess
holes at the same rate as excess electrons, in order to support the neutrality of space charge. The increase in base
current occurs without a corresponding increase in collector current, hence, b drops simultaneoudly.

At current crowmding, a non-uniform current density in the emitter occurs, owing to the lateral voltage drop
caused by the lateral base current, like in Figure 3.8. The latera voltage drop increases with the length of the
(lateral) current path and subtracts from the externally applied B-E voltage. Consequently, the B-E junction
voltage, and therefore also the current density, is highest at the periphery of the emitter. This leads to a lower
limit of the current, causing the decrease in b, than would have been the case with an evenly distributed current
density. This problem can be minimised by designing a large total emitter area, congtituted by thousands of small
emitter cellswith asmall lateral width, thus, avoiding a non-uniformly distributed current density.

Latera) voltage

B E
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Figure 3.8 Emitter current crowding in forward bias [20].

Quas saturation

If the base current is allowed to increase, the consequenceis an increased collector current and alower collector-
emitter voltage because of the higher load voltage. Also the base-collector (reverse-) voltage decreases when the
ohmic voltage drop in the drift region increases with increasing collector current (Vget Vec= Vce). Finally, the
B-C junction becomes forward biased and the quasi-saturation region is entered. In this
region, the effects of the collector drift region cannot be neglected anymore and has to be
included in the BJT modd.

When the B-C junction is forward biased, holes are injected into the collector from the base. To sustain space
charge neutrality also electrons must be supplied, which is principally done via the injection of eectrons from
the emitter and the subsequent drift across the base. As the stored excess charge increases, the drift region is
shorted out and the voltage drop reduces. Furthermore, as the virtual base expands into the collector, b reducesin
addition with the collector current.

Switching characteristics

To investigate the switching characterigtics, the BJT is assumed to be embedded in a diode-clamped circuit, asin
Figure 3.9. Furthermore, it is assumed that the freewheeling diode isideal and the load inductive with a constant
load current, lo. The load current, in addition with the lifetime of the minority carriers, determines the amount of
stored charge required for the BJT to operate in hard saturation.
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Figure 3.9 Inductively loaded BJT switching circuit with a diode clamp.

Turn-on

During turn-on of the BJT, four different time intervals can be distinguished in Figure 3.10.

Thefirst interval, tyon, is called the turn-on delay time according to the charging time of the B-E space charge
capacitance, where the depletion region of the B-E junction first must be removed before the junction can be
forward biased and carrier injection can commence. During the current rise time, t;, the collector current starts
increasing owing to the carrier injection. However, the freewheeling diode is till conducting, therefore, the
collector-emitter voltageis still unchanged and the BJT isin the active region.

The voltage fall time can be divided into two intervals, ty; and ty,. At ty,, the entire load current has
commutated to the BJT, the diode is reversed biased and the collector-emitter voltage starts to fall. At the
beginning of the second interval, ty,, the BJT enters quasi-saturation and the voltage fall time reduces as a
consequence of the decreased current gain. After ty,, the BJT staysin hard saturation.
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Figure 3.10 Switching period of BJT [22].

Turn-off

Turning off the BJT engages the issue of stored charge removal. The recombination process alone is a rather
dow process, hence, a hegative base current for carrier sweep out is required. The application of the negative
base current can be performed with either a step function or a ramp function with a controlled dig/dt. In spite of
the importance of a fast charge removal, it is shown that the latter function is the most favourable one and the
analysis commences with the gradually changing base current.
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Storage time, ts: Only the base current is changed and removes the stored charge, necessary for keeping the
transistor in hard saturation.

Voltage rise time, t,,: Divided into two intervals similar to the reverse of the turn-on process. The collector-
emitter voltage rises but the freewheeling diode is reversed biased and cannot carry any of the load current.
Current fall time, t;: The collector-emitter voltage has reached the off-state value, thus, forward biasing the
freewhedling diode. The collector current fallsto zero as the remaining charge is removed. The B-E space charge
capacitance acquires a negative charge as Vge goes negative.

If an abrupt function of the base current is applied, the intervals ts and t,, are shorter and more stored charge is
removed from the base region. Still, the majority of charge is stored in the drift region and is substantially
removed by the collector current, not the base current. Consequently, the step function reverse biases the B-E
junction, hence, disables the gain mechanism of the BJT, at an earlier stage compared to case with the ramp
function. After the emitter current is turned off, the only way of removing remaining charge is by recombination
and by carrier sweep out of the collector current, now equal to the negative base current (not multiplied by b as
before). These slower processes cause a “ current tail”, which may contribute to higher switching losses.

Second breakdown

A common reason for device failure for bipolar semiconductorsis termed second breakdown. This occurs at high
current levels where the collector-emitter voltage suddenly decreases, followed by a large increase of the
collector current. This leads to high power dissipation, often appearing locally in the transistor, and if this state
not is terminated quickly, breakdown of the device occurs.

The cause of the breakdown is not impact ionisation and avalanche breakdown (as in primary breakdown), but a
phenomenon referred to as thermal runaway. Bipolar devices all have a negative temperature coefficient of
resistivity (the resigtivity decreases with increasing temperature), furthermore, as the temperature rises the
thermal generation of eectron-hole pairs increases, contributing to even higher current levels. Consequently, if
the power dissipated in the transistor is higher than what can be removed, the temperature increases, which in
turn increases the dissipated power further and aloop of positive feedback isinitiated.

Safe Operating Area (SOA)

A way of visualising the rated current and voltage limitsis the Safe Operating Ares, likein Figure 3.11.
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Thermal limit
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Figure3.11. Safe Operating Areafor the BJT.
Icwm is the highest collector current allowed, even for pulsed applications, and is limited by the bond wires and

wafer metalisation. The thermal limit is given by the thermal resistivity and the maximum alowed junction
temperature.
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3.3 Metal Oxide Semiconductor Field Effect Transistors (MOSFETS)

The MOSFET was introduced 20 years ago, as a compliment to the BJT, in applications with high switching
frequencies. The on-state voltage is higher but the switching times considerably shorter for the MOSFET
compared to the BJT. The internal processes of the MOSFET are significantly different from those in the BJT
and are discussed in this section.

Basic structure

The vertically diffused MOSFET (VDMOS) is the most common MOSFET and consists of four different layers
like in Figure 3.12a. In reality the transistor is constituted by thousands of cdls, like the one in the figure,
connected in paralld.

Source
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Body-source Freid oxde \ J
shot Gate oxxle G |
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n 1 ) '
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(a) (b)

Figure3.12 a) Vertical structure of n-channel MOSFET. The thickness of the layersis not according to scale [20] b) circuit symbol.

If the source and drain regions are of n-type doping, the MOSFET is said to be an n-channd MOSFET, and with
a p-type doping, a p-channel MOSFET. With a voltage applied between the source and drain, there is always one
reverse biased pn-junction, independent of the polarity of the voltage. Although this means there can be no
minority carrier injection, an applied gate-source voltage affects carriersin the body region and creates a latera
channel, connecting the source to the drain. The channd is formed in the body region, which has an opposite
doping compared to the other layers, hence, the channel is formed by an inversion layer (eectrons in an n-
channd MOSFET).

The gate is surrounded by a layer of silicon dioxide, which serves as an insulator, and the gate metalisation
covers the drift region for two reasons. Firgt, it enhances the conductivity of the drift region by establishing an
accumulation layer under the gate oxie during on-state. Second, it acts like a field plate during blocking state,
expanding the radius of the depletion layer, hence, minimising the maximum electrical field and thereby
increases the breakdown voltage.

The doping structure of the MOSFET aso includes a parasitic npn BJT (Figure 3.12a), which must not be
triggered during operation. Owing to the disability of controlling the base of the parasitic BJT (body region of
MOSFET), its operation cannot be turned off and the body of the MOSFET is therefore shortened to the source
by the source metalisation to avoid turn-on. The short-circuit of the parasitic BJT results in a paraditic
freewheeling diode which can be used in bridge applications.

i-v characteristics

Like the BJT, the MOSFET is also a three-terminal device, Figure 3.12b, where the gate serves as the input, the
drain as output and the source is usually common to both in- and output. The gate-source voltage controls the
output current, asisillugtrated in the output characterigtics in Figure 3.13a, where the drain current, ip, is plotted
versus the drain-source voltage, Vps, for different values of the gate-source voltage, ves.

During turn-on, the MOSFET traverses the characteristics from cut-off through the active region and finaly into
the ohmic region, and back again during turn-off.

In cut-off, vgs is less than the threshold voltage, ves n), and the transistor must withstand the applied power
supply voltage. To avoid avalanche breakdown, the applied voltage must be less than the breakdown voltage,
BVpss.
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When the gate-source voltage exceeds the threshold voltage, the MOSFET enters the active region. The drain
current becomes independent of the drain-source voltage and is controlled only by the gate-source voltage. The
current is sometimes said to be “saturated” in the active region, not to be confused by the saturation region of the
BJT.
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Ohmic :. J
g Active region |

increasing VGS
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Cut-off K
actual »
[ linearised
VGS< VGS(th\
V. > >
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@ (b)
Figure3.13 a) i-v characteristics and b) transfer function of the MOSFET.

In Figure 3.13a, the boundary between the active and ohmic region is determined by vps = Vas - Vas - When a
high gate-source voltage is applied, the drain current does not saturate and the conduction losses can be kept
relatively low by minimising the on state voltage, Vps on) (i.€. the ohmic drop of the drift region).

Inversion layer and field effect

The area of and underneath the gate actually forms a capacitor, with the gate metalisation and the body region as
the electrodes and the silicon oxide as the didectric. When a positive voltage is supplied across the gate-source
terminals, an equally large charge is formed in the gate (positive charge) as in the body (negative charge),
adjacent to the gate oxide. For low voltages, the positive charge on the gate side repdlls the holes near the
interface, creating a depletion layer with negative charge of ionised acceptors in the (p)body region (Figure
3.144). As the gate-source voltage increases, free dectrons are attracted to this layer by the dectric field, and
more holes are depleted further into the body where they are neutralised by eectrons from the n* source (Figure
3.14b). The free dectrons are substantially produced by thermal generation of eectron-hole pairs.

If the gate-source voltage is made as high as the threshold voltage, ves i), the density of free electronsis equal to
the density of free holes in the bulk of the body and the electrons form an inversion layer (Figure 3.14c). This
inversion layer acts like a channel connecting the source to the drain and allows a current to flow. The ahility to
modul ate the conductivity of the body region beneath the gate oxide is called the field effect (hence MOSFET).
The thickness of the depletion layer grows with increasing gate-source voltage. Y et, once the inversion layer is
established, it “screens’ the depletion layer from the eectrical field and ceases the growth. The increasing bias
will instead increase the density of free electrons and the conductivity of the channd.

The drain current levels off when entering the active region from the ohmic region in Figure 3.13a, and this can
be attributed to a vertical voltage drop over the channe owing to the resistance of the channd. As the drain
current through the channel increases, the voltage drop over the channd increases simultaneoudy. If a constant
gate-source voltage is assumed, the oxide voltage will then decrease (Voxd=VasVehane), Producing a non-
uniformly distributed inversion layer. The decreasing inversion layer at the drain end of the channel resultsin an
increasing resigtivity and higher drain-source voltage drop, which causes the curve in the i-v characterigtics to
level off.
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Figure 3.14 Formation of the a) depletion layer and b) c) inversion layer, as the gate-source voltage isincreased [20].

Switching characteristics

The significantly shorter switching times for the MOSFET, compared to the BJT, are due to the reduction of
stored charge that has to be removed or supplied. The only charge that must be transported is stored in the stray
and depletion layer capacitances, which are included in the equivalent circuit in Figure 3.15a.

The drain current, during operation in the active region, is modelled by a current source, ip= gm( Vas - Vas (i)
where g, is the transconductance. In the ohmic region, the voltage drop over the drift region is modelled by a
resistance, rpgon), and is used for calculating the conduction |osses.

Because of the dependence of the depletion region thickness, neither the gate-drain capacitance, Cyq, nor the
gate-source capacitance, Cg, is constant. The variation of Cy is however small and Cy is considered to be
constant, whereas Cygymay vary by afactor 10 to 100 as the drain-source voltage changes (Figure 3.15c).

D

@

ip(vVes)

Cds =—

(a)

Cgd2

D

Coa oL

Cds =
G

r
Cos DS (on)

5

(b)

(c)

Figure 3.15 Equivalent circuits of MOSFET for transient analysis a) in cut-off and active region b) in ohmic region and c) the variation of
gate-drain capacitance with drain-source voltage.
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Like at the analysis of the BJT, the same inductively clamped step-down converter is assumed (Figure 3.9), with
the addition of a gate resistance between the MOSFET and the gate drive. The switching transients are shown in
Figure 3.16, with the turn-on first followed by the turn-off.
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Figure 3.16 Switching transientsfor the MOSFET [22].

Turn-on

Turn-on delay time, tyon): The gate drive is assumed to be a step function and the gate-source voltage increases
from zero to the threshold voltage. Only the gate-source and the gate-drain voltage, not the drain-source voltage,
are affected, hence, the gate-drain and gate-source capacitances appear in paralld to the gate and the gate
resistor, Rg. The time constant is then equal to Rg{Cyst Cya1), but, &S tyon is significantly shorter, the gate-
source voltage appears to be linear during thisinterval.

Current rise time, t;: When the threshold voltage, vss (), is reached, the current transfers to the MOSFET and
when the complete load current is carried by the MOSFET, the freewhedling diode is reverse biased and the
drain-source voltage beginsto fall.

Voltage fall time, tn: The gate-source voltage is clamped to the voltage corresponding to |y in the transfer
characterigtics (Figure 3.13b). In order to decrease the drain-source voltage, the entire gate current flows through
the gate-drain capacitance to recharge it. The interval can be separated in two. During the first, the depletion
region is reduced and Cy holds its lowest value, Cyy;. During the second interval, the ochmic region is reached
and Cyq holdsits highest value, Cyqp.

Finally, when the on-state voltage, vps (on), iS reached, the gate-source voltage clamp is released and the voltage
starts to rise towards the gate drive limit with atime constant equal to Rg{Cgst Cya).

Turn-off

The sequence during turn-off is essentially the reverse of the turn-on process.

Turn-off delay time, tqqm: The gate-source voltage falls to the voltage level determined by the drain current, |,
in the transfer function.

Voltagerise time, t: The drain current is clamped to |, and the entire gate current flows through the gate-drain
capacitance, recharging it. The rise time of the drain-source voltage depends on whether the transistor operatesin
the ohmic region (vps < Ves during t.;), or the active region (vps > Vgs during t.,). The gate-drain capacitance
changes gradually during these two consecutive intervals, from the maximum value, Cyg,, to the minimum value,
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Cga1. Once the collector-emitter voltage has reached its final off-state value, the freewheeling diode becomes
forward biased and the load current commutates from the transistor to the diode.

Current fall time, t;: The declination of the drain current is determined by the declination of the gate-source
voltage and as the drain current reaches zero the gate-source voltage have reduced to the threshold voltage. The
gate current rises with a time constant proportional to the gate resistance and the sum of the gate-drain and gate-
source capacitances.

Unlike the BJT, the switching losses for the MOSFET are almost temperature independent, owing to the nearly
constant values of the capacitances. However, the conduction losses may vary, according to the variation of the
drift region resistance with the junction temperature.

Conduction losses and breakdown voltages

The major losses of a MOSFET are constituted by conduction losses, opposed to the BJT where the switching
times and losses are considerably higher. On one hand, the lack of conductivity modulation in the MOSFET
causes higher on-state losses, on the other hand, the switching times are kept short. The drift region, with its low
doping density and long length (in current direction), is the cause of the major part of the conduction losses,
especially at high breakdown voltages where the drift region must be made thick enough to sustain the applied
voltage and allow the expansion of the depletion region.

Even though the parasitic BJT is shorted, it can be triggered by high derivatives of the drain-source voltage at
turn-on. This condition is referred to as latch-up and can be avoided by following the value of the gate resistor
specified by the manufacturer.

Safe operating Area (SOA)

The SOA for aMOSFET isfor most switching applications virtually rectangular, limited by the maximum drain
current, Ipm, the breakdown voltage, BV pss, and the maximum allowed junction temperature, T;. Often alimit of
20-30 V is set for the maximum gate-source voltage, even though it may sustain up to 100V, depending on the
thickness of the gate oxide.

3.4 Insulated Gate Bipolar Transistors (IGBTS)

The IGBT was developed to take advantage of the short switching times and low switching losses of the
MOSFET and the high breakdown voltage and low conduction losses of the BJT. The IGBT isalso referred to as
GEMFET or COMFET owing to its structural resemblance to the MOSFET, as can be seen in Figure 3.17a.

The difference from the MOSFET is the additional, heavily doped p* layer at the drain end of the IGBT, which
forms a pn-junction (junction J;) and facilitates the minority carrier injection into the drain region.

Gate J D 9 C
1 Body region
G | G |
Drain drift region q
S

/
Butter layer

# .
Injecting layer

L

@) (b) ©
Figure3.17 a) Vertical cross section of the IGBT [20] and b) c) circuit symbols

The IGBT illugtrated in Figure 3.17a, is of a punch-through type, PT-IGBT, because of the way the depletion
region reaches entirely through the drift region at high blocking voltages. If the IGBT lacksthe n™ buffer layer, it
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is referred to as a non-punch-through (NPT-) IGBT, and the width of the drift region must be approximately
twice asthick asfor a PT-IGBT for the same blocking voltage.

The parasitic thyristor is due to the injecting layer and to avoid turn-on, the geometry of the junctions J, and Js is
in reality a bit more complex than in Figure 3.17a

Two different circuit symbols are shown in Figure 3.17 b and ¢, since there gtill is some disagreement about the
standard symbol, however, the symbol in Figure 3.17 c is the most common seen and is basically viewed as a
BJT with aMOSFET gate input.

Thei-v characterigtics of an n-channd IGBT are very similar to the one for the MOSFET (Figure 3.13a). In the
forward direction, the junction labelled J, in Figure 3.17a, blocks the forward voltage and the junction J; the
reverse voltage. However, in PT-IGBTS, the doping densities of the surrounding layers are sufficiently high to
lower the reverse blocking capability to only a few tens of volts, which in most power applications can be
considered as a negligible capability.

On-state operation

Asin aMOSFET, a channd is created underneath the gate when the applied gate voltage exceeds the threshold
voltage. The dectrons flowing through this inversion layer attract holes from the drain and the holes flow
towards the body region by both drift and diffusion, where they recombine with eectrons from the source. The
junction J, acts like a collector of a pnp BJT, collecting the diffusing holes, and the IGBT can therefore be
described by a Darlington circuit, Figure 3.18a. The ohmic drift region is modelled by a resistance, Ryix, and
most of the drain current is carried by the MOSFET. A more detailed modd is used in Figure 3.18b where also
the parasitic thyristor isincluded.

D
Rrift Rrift
— 1

H Rbody

D

S S
(@) (b)

Figure 3.18 a) Darlington circuit of IGBT b) including parasitic thyristor.

Switching characteristics

The same circuit conditions (step-down converter with freewheeling diode) as for the MOSFET and the BJT are
assumed for the IGBT and the same equivalent circuit can be used (with Cg, Cyqand Cys). Most of the transient
operation, illustrated in Figure 3.19, isidentical to that of the MOSFET.

Turn-on transient

Similar to the MOSFET transient with a difference in interval ty,, where the gate-drain capacitance increases to
its higher value and the MOSFET has reached its ohmic region. However, the BJT part of the IGBT has nhot
reached hard saturation yet and the conductivity modulation is therefore not fully developed. This conductivity
modulation lag causes a dower voltage drop of the drain-source voltage and the increased switching losses is
referred to as forward recovery.

Turn-off transient

The sequence differs from that of the MOSFET in interval t;, where the drain current experiences a long “tail”
current. During thefirst interval, tgq, the drain current drops rapidly in agreement with the MOSFET transient. In
the next interval, the MOSFET channd is turned off and the only way for the stored charge in the drift region to
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reduce is by recombination. Short lifetime of the excess carriers gives shorter tailing time, however, will also
lead to higher conduction losses during on-state.

In PT devices the buffer layer serves as a sink for the holes where the recombination is a faster process owing to
the design of shorter lifetime in the buffer layer. In the case of NPT-IGBTS, the switching losses are minimised
by keeping the amplitude of the current during the tailing time as low as possible. This is achieved if the
MOSFET part of the current is designed to carry the major part of the drain current, which in newer devicesis
approximately 90%.
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Figure 3.19 Switching transient of the IGBT [22].

Latchup

The state where the parasitic thyristor is turned on is named latchup. This stateis crucial and must be avoided or
turned off quickly. The problem is that the thyristor is not possible to turn off from the gate, it has to be turned
off by forcing the drain current to commutate.

Latchup is separated into static and dynamic latchup. The current limit for static latchup is usually higher than
for dynamic latchup. Thisis according to the rapid expansion of the depletion region at turn-off of the MOSFET
part. This enhances the base transport factor of the BJT, which means that holes are more likely to reach the
collector without recombining. Consequently, for a specified on-state current, a higher hole current and ohmic
drop, hence, lower current limit, will occur during dynamic latchup than static latchup. To avoid latchup, an
optimised gate resistance, always specified by manufacturers, should be applied, which keeps the MOSFET
channel open until a sufficient amount of excess carriers have recombined.

Safe operating Area

The most important limits in the SOA are the maximum drain current, Ipy, to avoid latchup, the maximum gate
voltage Ves max) and the breskdown voltage of the drift-body junction, BVcgo. The gate voltage limit is set to
make the IGBT withstand currents ten times higher than the rated current under approximately 10 ns (short
circuit conditions).
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The IGBT is usually designed to have a maximum junction temperature of 150° C and to have conduction losses
independent of the temperature. This is possible because the internal MOSFET has a positive coefficient of
temperature and the internal BJT a negative. However, for applications with parald IGBTSs, the IGBTs are

designed to have a dightly positive coefficient of temperature.

The Reverse Bias Safe Operating Area, RBSOA differs from other semiconductors because latchup must be
avoided and the reapplied rate of change of the drain-source voltage limited. Hence, the cut off corner in Figure

3.20D.
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4 1GBT models

Although the area of devel oping power semiconductor models for circuit simulators has won more interest from
research groups and software vendors in recent years, there still is a gap between the development of the actual
semiconductors and the development of commercially available smulator models of the devices.

When moddling IGBTS, there is always a trade-off between accuracy and smplicity of the mode. High
accuracy is often accomplished only at the cost of computing speed, the portability between different circuit
simulators or complex parameter extraction.

There are certainly a variety of different approaches when modelling IGBTS; hence, each modd has its own
features, trying to emulate the redlity. It is therefore essential for circuit designers to focus on the purpose of the
smulations and based on this, together with available resources, make the appropriate choice of modd.
Additionally, regardless of mode, the parameter extraction is of greatest importance and the number of
parameters and the extraction procedure are a so to be considered before choosing model.

4.1 1GBT model categories

As mentioned earlier the different design aspects of a model strongly depends upon the purpose of the mode.
Most model s are manufactured for investigating device behaviour in circuit smulations but there are also some
for understanding the internal physics and mechanisms and for structure optimisation.

Both satic and dynamic characteristics must be well described, however, depending on the designer’s
philosophy this can be done viewing the device from the outside, as a “black-box”, or from the inside, trying to
emulate the internal physics.

Independent of design strategy, an accurate moded must be able to model some basic features of the
semiconductor. In [1] there are given five “basic physical phenomena’ for semiconductor devices, and for the
IGBT, dl five (Resistivity modulation, Charge storage, MOS-capacitance, Electrothermal behaviour and
Breakdown limits) are stated to be “very important” or at least “to be included”.

The majority of vertical IGBT models published since 1985 is reviewed and also categorised in [2].

In this chapter, a summary of these categories is given, including reviews of different models with respect to the
background of this thesis. Although the literary study included almost 70 articles, only a few reviews are given
in each section.

A. Behavioural models

The behavioural models are also called “functional” or “empirical” models because this category does not
consider the internal physics of the IGBT. The device is instead viewed as a “black-box” and the externa
characterigtics is described with curve fitting algorithms or look-up tables. The DC-characteristics can often be
well modelled, yet, the transient behaviour is more complex and difficult to mode on account of the interactions
with the other eementsin the circuit during switching.

A modd constituted by both a linear (dynamic) and a non-linear (static) block, the Hammerstein configuration,
isdeveloped in [15] and [16]. The performance is stated to be as good as the physics-based modd [17] and it is
implemented in the SABER circuit simulator.

B. Semimathematical models

The second group of models consists of parts based on physics as well as existing circuit devices. A common
configuration is the Darlington-circuit where a MOSFET serves as a driver device and the pnp as the main
transistor. Other parts are used to account for some specific IGBT effects, like base conductivity modulation,
Non-Quasi-Static effects and non-linear capacitances.

These moddls are generally not as accurate as mathematical models since none of the existing built-in BJTs are
comparable with the internal, wide-base BJT of the IGBT. Nevertheless, the advantages of this category are the
simplicity and the possibility of implementation in any circuit simulator.

A method called “the lumped-charge approach” is used by [12] and [13]. The purpose of the latter modd is to
provide an accurate model with easy parameter extraction (both from experimental set-ups and data sheets) and
also to be available in the public domain. Although the parameter extraction is easier compared to Hefner [3-8],
it is not described in detail and the model is only validated for PT-IGBTs and for low voltage applications. Also
[12] utilises much of the parameter extraction developed by Hefner and it is stated that the new modd yields
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more accurate results compared to the existing PSPICE model [14], at least for blocking voltages ranging from
kilovolts and up.

C. Mathematical models

Based on semiconductor physics, this group of models tries to solve the device equations in an analytical way.
The complexity of he mode is dependent on how well the model tries to emulate the internal physics and how
many features of the IGBT that is considered. The diffusion equation is essential to mode as wdll as the carrier
distribution, which can be modelled by a 1-D or 2-D modd.

Not al models may be suitable for both circuit simulators and for IGBT structure optimisation. However there
are some approximate solutions to make the modd less complex and more portable; eg. substitutions and
neglecting of termsin equations and truncation of the result in (Laplace-) transformations.

One of the first accurate 1-D models was developed by Hefner [3-8] and many subsequent publications are based
on hiswork e.g. the built-in PSPICE IGBT modd [10], specifically based upon [5], [7]-[9]. The Hefner modd is
also the basis in [11] though extended to include 2-D effects during forward conduction, which influences the
on-state characteristics, with lower conduction losses as a consequence.

D. Seminumerical models

The last category is referred to as “seminumerical” owing to the discretisation of the wide base into a finite
number of elements. Another method used is to express the derivatives in the diffusion and transport equations
by finite differences while other device parts are described analytically asin thefirst category.

Models of the seminumerical category yield most accurate results at the cost of computing speed and difficulty
to implement into normal circuit simulators. This is evident in [18] where the low doped region in the bipolar
transistor is realised by a hybrid model and the MOSFET part is described by a standard MOSFET mode, all
implemented into the SABER environment with subroutines with model equations written in FORTRANT77.

4.2 TheMicroSim® PSPICE? model

As a result of the completed literary study, numerous models have been investigated with many different
purposes and accomplishments. No specific model appears as the evident choice since smplicity is aways
compromised by accuracy. The way of implementation and choice of circuit smulator are important in deciding
which model to choose and this turned out to be one of the final decisive factors. The advantages of adapting a
commercially available simulator mode is obvious, considering the limited time for the evaluation in this thesis,
but also for aspects of e.g. convergence and computer efficiency.

In compliance with above stated factors, the choice of modd falls upon the MicroSim* PSPICE® (ver. 8.0)
IGBT modd (further on only referred to as the PSPICE moddl). The basis of this decision is mainly due to two
factors:

- The Hefner modd [3]-[8] is the basis of the chosen PSPICE model, and since the Hefner modd is
implemented in severa circuit simulators with sufficient accuracy, this would favour the PSPICE modd.

- The fact that PSPICE is already available at ALSTOM and the modd implemented and included in the
symbol libraries. This entails several advantages, not only the reduction in costs and efforts, adherent to the
procurement and introduction of a new product, but also the possibility of using the existing knowledge and
documentation of the software.

There are also found some shortages of the PSPICE modd. One is the poor accuracy at high power applications
(3300V-1200A) invegtigated in [12], and another, that not all references could be retrieved ([9]) and the full
implementation therefore not verified. Notwithstanding these drawbacks, the PSPICE model appears to be the
most reasonable choice.

The PSPICE IGBT modd is described by an equivalent circuit, shown in Figure 4.1. Five dc current components
and six charge components describe the different fundamental physical effects of the IGBT, with the exception
of a complete electrothermal behaviour. The detailed derivation of the full set of equationsis not explained here;
for amore comprehensive study of the underlying semiconductor physics, refer to [3]-[10].
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Figure4.1 Equivalent circuit of the MicroSim® PSPICE® IGBT model.
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5 Parameter extraction

5.1 Parameter extraction procedure

The parameter extraction procedure for NPT-IGBTSs, developed by Hefner in [7], is adopted here, for the
parameters required by the PSPICE model. The extraction procedure involves measurements of both steady-state
and dynamic characteristics as well as calculations on collected data. These calculations are required to separate
the characterigtics of the internal MOSFET and bipolar transistor.

The required parameters, and the measurement used to extract them, are shown in table 5.1. The final parameter
set, used in PSPICE, isdightly modified as explained later.

Table 5.1 The extracted parameters.

Parameter | Unit Parameter name M easurement used for extraction
(measurement #)
A m’ | Area (active) of the device Visual inspection of decapsulated device
the S Baselifetime Turn-off current tail decay time vs.
anode current (1)
lsne A Emitter electron saturation current Relative size of turn-off current tail
decay time vs. anode current and anode
voltage (2)
Wy m | Metalurgical base width (2)
N cm* | Base doping concentration (2)
Kpsat A/V? |MOSFET channedl saturation region | Saturation current vs. gate voltage (3)
transconductance
Vs V | Threshold voltage (3)
Kalin A/V? |MOSFET channel linear region | On-state voltage vs. gate voltage at
transconductance constant anode current (4)
Cys nF | Gate-source capacitance Gate charge (5)
Coxd NF | Gate-drain overlap oxide capacitance (5)
Agd m’ | Gate-drain overlap area Gate-drain charge (5)

In the next subsection the different measurements are explained in detail and in the following subsection the
implementation is described.

Measurements

1:Tail Decay Rate

The clamped inductive load circuit (Figure 5.1a) is used to measure the turn-off current decay rate. After the gate
voltage is turned off and the anode voltage (V) has reached the clamp voltage (Vgamp), the current starts to
decline. At firgt, the decay rateis high but then the current tails off dowly.

Figure5.1 The turn-off switching waveform and circuit configuration for a) The clamped large inductive load circuit b) The constant anode
supply voltage.
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According to [3], the decay time constant of the dowly decaying tail current, for a constant anode voltage, is

given by:

dinl; _dl; /dt 1 ae+_TQ
a1, i
where
202 2
ItoqADpni
k
IsnetHL

(5.1)

(5.2)

To extract the lifetime, aleast-squaresfit isdone to the measured data of the inverse current decay time constant
versus current, like in Figure 5.2. In accordance with eg. 5.1, the zero current intercept gives the value of 1/t .
However the slope of the fitted curve, 1/(ty. 1", is not used to extract |4 because of insufficient variation with
current (l4e iS extracted in measurement #2).
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Figure5.2 Current tail decay rate with 1/t equal to the extrapolated zero current intercept [7].

2: Tail size versus anode current for different anode voltages

For these measurements the constant anode supply voltage circuit in Figure 5.1b, is used.

After the initial rapid current fall during turn-off, there is redistribution time for the excess carriers before the
dower current tail begins. To be able to describe the tail decay time by a simple model, the current tail is
extrapolated back to the MOSFET part of the curve, using the current tail of a higher initial current waveform, as
in Figure 5.3b.

Actual

(a)

E xtrapolated

Redistribution
phase

(b)

Figure 5.3 Constant anode voltage turn-off with a) current waveform indicating current levels before and after the rapid fall of the MOSFET
current, and b) the redistribution phase and the extrapolation of I+(0").
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Therdative size of the extrapolated current tail is then given by [3]:

1

1. (0") m® 1:(0)0
b.,° T _ =b 1+ T T 53
tr,Vv |-|-(0 )_ IT(O+) V,=const tr,Vg + Ik a ( )
where
1
o~ By )2 _cothW/L) 6 A
Ouy ng ) 2tanh(W/2L) 15 (54)
and
2..
. tanhz(W/2L)g°{(4qniADp) 0 1 5.5

T W/ §LA+1/b) b,

Using eq. 5.3 for different values of anode voltages, 1/b,v can be plotted versus the initial tail current, 1+(0"),
likein Figure 5.4. A least-squares fit is used to fit a dope to the measured data, and for each set of data, b™; v is
obtained from the zero current intercept and the slope, b™ yly, is used with eg. 5.5, in addition with prior
extracted parameters A and t ., to obtain I .
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Figure5.4 1/byy versusI+(0") for 125V anode voltage, indicating b™ v at zero current intercept.

™ v isthen used with eg. 5.4 to extract W, and Np. Thisis done by solving W (iteratively) for each b™y (i.e.
each anode voltage) and then by plotting W versus the square root of V. Then, in addition with the formula,

givenin[3];
W»W; - /2e,V,/dNg, (5.6)

W, is given by the zero voltage intercept, and N, is given by the dope of the curve.
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3: Saturation current versus gate voltage
To separate the MOSFET saturation current from the IGBT anode saturation current, the current gain of the
internal bipolar transistor, (1+bg), can be used, since according to [3]:

=18 A+ b,) (5.7)

The derivation of bgis given in Appendix B.1.
The output characteristics of the IGBT, eg. 5.7 and the relationship given in [7];

\ I I\slla(t)s = \ Kpsat /2(\/gs - VT) (58)

yields Ky and Vy from a linear plot with the square rote of the MOSFET saturation current versus the gate
voltage.

4. On-state voltage versus gate voltage

The on-gtate voltage for a constant anode current is indicated for different gate voltages in Figure 5.5. The on-
state voltage, Vo, in thelinear region, isin [7] given to be proportional to K according to:

| @ 1 0
V,, = const. + T o H (5.9
(1+ b$)KpIin gvgs - VT 4]

Hence, K, can be extracted from the dope of the curveif V, is plotted versus 1/(Vgs-V).

Vonl Von, v

Figure5.5 On-state voltage at a given collector current for different gate voltages.

5. Gate and gate-drain charge

The typical turn-on waveforms for the gate and anode voltage are shown in Figure 5.6. The gate circuit is
designed to give a nearly constant gate current and the load to give a low anode current in order to keep the
stored charge approximately equal to zero, which implies that the gate charge characterigtics are smilar to the
ones of the structurally equivalent power MOSFET [7].
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Figure5.6 Thegate and gate-drain characteristics for alow anode current and nearly constant gate current pulse.

During the first and the third phase, the gate-source voltage rises with a constant dope as the gate current
charges the gate-source capacitance. The quote of the gate current and the rate of rise of the gate-source voltage
is therefore used to determine the gate-source capacitance, Cy, and the gate drain overlap oxide capacitance,
Coxa, likein Figure 5.7.

x
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Cgs+Coxd

Ig/(dVvgs/dt) | Va=const. [F]

Cg=
a

Vgs [V]

Figure5.7 Theinput capacitance versus gate voltage during thefirst and third phase of Figure 5.6.

During the second phase, the anode voltage drops as the gate voltage stays constant and the gate current charges
the voltage dependent gate-drain feedback capacitance. Like in Figure 5.8, the gate-drain depletion capacitance
can be plotted versus the difference of the anode and gate voltage, using

Coy =——|y - 5.10
od dVA / dt Vgs=const. ( )
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For high values of the anode voltage, the gate-drain depletion capacitance is approximated by

C T Agdesi
. \/2esi (\/A - Vgs)/qNB

(5.11)

and with the value of the gate-drain depletion capacitance from the dashed linein Figure 5.8, the parameter Ay is
extracted.
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Figure 5.8 The gate-drain feedback capacitance versus anode-gate voltage for three different supply voltages. The dashed line is fitted to
the waveforms of higher voltages due to the approximation in eg. 5.11[7].

5.2 Implementation of parameter extraction procedure

To perform the measurements in the previous subsection, circuits for the clamped large inductive load
(measurement #1) and the constant anode supply voltage (measurements #2-4) are implemented. Additionally,
two different gate drive circuits are designed; thefirst for supplying £ 15 V for “ordinary” gate drive conditions,
and the second providing a low (»20 mA) but constant gate current in measurement #5. In [7], the latter gate
drive circuit is designed with a 100 V pulse and a gate resistor of 5 kW, however, owing to the lack of a 100V
pulse generator, the gate drive isimplemented as a current generator.

The different instruments used for the measurements are given in Appendix B.2.

The results of the measurements are logged on a computer by a serial bus and the software LeCroy Scope
Explorer® ver. 2.1.

The clamped inductive load circuit and the constant anode supply circuit

The circuit configurations for these circuits are shown in Figure 5.1. Both configurations are implemented in the
same circuit with the possibility to “switch” between the different circuit configurations.

To minimise the parasitic components, most components are mounted on a lamina of copper where additional
wires are thin sheets of copper. The anode current is measured with a shunt resistor of 10 mw, placed on the
lamina and also directly mounted on the IGBT. The clamp/anode voltage (Vgamp/Va) is implemented with a
variable transformer and a rectifier and held constant by a large capacitance (C) in parallel with a power resistor
(5 kW) for discharging purpose.

The IGBTs are mounted on the top of a cooling flange to minimise the internal heating.



The £15 V gate drive circuit

The gate drive circuit principally contains one optical transmitter and one receiver to get galvanic isolation from
the pulse generator and two high-speed MOSFET drivers to supply sufficient current with low output
impedance. It also includes a variable gate resistor in parallel with adiode for lower gate resistance at turn-off.

A schematic gate drive circuit is shown in Figure 5.9.

Opto MOSFET
coupler drivers

- ™ L‘ IGBT
e @ 7 T(W:QH
.

generator L JF N

ANANA
7‘/0 Vv

Figure5.9 Schematic circuit configuration of the gate drive circuit for + 15 V supply voltage.

The current generator

The congtant gate current in measurement #5 is supplied by a current generator, implemented with a pnp-
transstor and zenerdiode, which keeps a voltage of 3 V over the transistor and a variable resistor. To get a

current of 20 mA, theresistance is set to approximately 130 W.

Figure5.10 Schematic circuit configuration of the current generator.

5.3 Results of the parameter extraction

When the measurements are performed and the results logged on the computer, additionally processing of the
data, described in section 5.1, is executed, which is donein MATLAB® ver. 5.3. No detailed description of each
algorithm is given here, however, the basic structure of most algorithms can be summarised as follows:

The collected dataisread into MATLAB from the sourcefile.

The datais plotted and segments of the plotted curve are selected.

Various curve fitting algorithms are used on the selected segments, depending on the type of IGBT and
which parameter to be extracted.

Different mathematical operators (e.g. logarithmic, derivative etc) are used to produce the desired plot
(stated in section 5.1).

If necessary, additional calculations according to section 5.1 are done to extract the final parameter.

The parameter extraction is performed on three different IGBTs. EUPEC FF300R12KE3 (NPT), SEMIKRON
SKM400GB125D (NPT) and TOSHIBA MG300Q2Y $40 (PT).
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The result is summarised in Table 5.2 below, together with the results given in [7] (smilar with the default

valuesin PSPICE).

Table 5.2 The extracted parameters for three different IGBTs and the reference values of [7].

Parameter | Unit Eupec Semikron Toshiba Hefner [7]
A m? 1.7e-4* 2.0e-4 4.1e-4 1.0e-5
thL s 8.7e-7 3.4e-6 3.9e-6 0.3 - 8.0e-6
lsne A 1.2e-11 5.1e-11 2.2e-10 6.0e-14
Wb m 1.1e-5 2.3e-5 2.4e-5 93e-6
N cm’ 5.9e18 4.1e18 3.7e19 2el4
K psat AIV? 4.0 5.5 1.6 0.4
Vs V 6.1 6.1 4.7 5.0
Kpiin AIV? 3.9 3.6 3.9 0.75
Cgs nF 2.2e-8 2.2e-8 2.5e-8 0.6e-9
Coxd NF 1.0e-007 1.2e-007 7.8e-008 1.6e-9
Ay m? 1.7e-5 2.9e-5 1.0e-5 5e-6

*received from manufacturer

The values of the parameters cannot be compared directly with the valuesin [7], owing to different IGBTs with
different ratings, yet, the results are of interest to get an idea of the plausibility of the extracted parameters.

Most of the results are consistent, both comparing the different IGBTs as well as comparing the IGBTs with
the reference values. However, the results of |4, and N, differ a great deal and, notwithstanding the difficulty of
estimating some of the parameter values, the extracted base doping concentration, Ny, cannot be considered to be
plausible. All the three parameters W, I and N, are extracted from the same measurement (#2) which
emphasises the importance of the accuracy of the measurements. The causes and measures of the inaccurate
results are discussed in the next section.

5.4 Discussion

The measured waveforms are the first encountered source of inaccuracy during the extraction procedure.
Oscillations, basically caused by parasitic components, make the curve fitting process of the traces more difficult
and may cause less accurate results. Although parasitic components never can be completely avoided, a different
way of implementing the used circuit configurations should be investigated, in order to minimise these effects.
The most probable source of error is the processing of the collected data and the curve fitting algorithms. The
general problem isthe difficulty of a satisfying reproduction with a small spread of the results.
One of the reasons would seem to stem from the small number of traces used (4) for the generation of the
“secondary” curves (measurement #2). This can cause a large spread of the data and an imprecise least-squares
fit, likein Figure 5.11. Considering the algorithms, issues like logarithmic operations on values approaching zero
or derivatives of atransient curve may cause problems with alarge spread of the results as a consequence.
The number of traces can be increased by increasing the current range of the measurements, however, this may
influence the conditions of the measurement (e.g. V, may not be constant).
Another improvement is the use of normalization and residual functions in MATLAB to improve and estimate
the accuracy of the numeric computations.

9

85 [

s |

b!r‘V T

I7(0+)

Figure5.11 Plot of byy in measurement #2 with alarge spread of the data resulting in a poorly fitted |east-squares fit.
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6 Simulation

6.1 Simulation in PSPICE

MicroSim* PSPICE® is a software program for circuit smulation. The circuit is designed, using the built-in
components, and parameters and initial conditions are set arbitrarily before the simulation is executed. The result
is displayed by an additional program where al currents and voltages can be displayed as well as traces with
mathematical operators, for example the dissipated energy as the integral of the dissipated power (top plat,
Appendix C.2).

The MicroSim* PSPICE? Evaluation version 8.0 is used for the simulations.

6.2 Simulation of the series resonant converter

Before the series resonant converter can be fully implemented and simulated, the extracted parameter set is
modified according to the parameter set in PSPICE. Most parameters are identical, however, instead of K, the
parameter Ke (=Kpin /Kpsar) 1S used and the parameters Cys,Coxg and Jge (Isne) @re given in per unit area, asin
Table. 6.1.

Table 6.1 The PSPICE parameters and the default values.

PSPICE Unit Default
parameters
Area m’ 1.0e-5
the S 7.1e-6
Jsne (Ige*/Area) AIV? 6.5e-13
Wb - 9.0e-5
Nb v 2,00E+14
Kpsat m’ 0.38
Vi Flcm® 4.7
KF (Kgin® /Kpsat™) Flcm® 1

Cgs m 1.24e-8
Coxd (Coxg*/Agd) cm”™ 3.5e-8
Agd Alcm”® 5.0e-6

* refersto extracted parameters.

As gtated in section 5, all the extracted parameters are not correct and cannot be used for simulation. To be able
to replace these and also to test the different parameters and their influence on the result, a simple test circuit,
shown in Figure 6.1, is implemented where the IGBTSs are tested under same conditions as in the converter
(500V, 200A). The parameters are varied between the PSPICE default values and the extracted values and the
result compared with datasheet ratings with respect to the shape of the waveforms and on-state voltage. This
gives rather rough results, yet, most parameters are found to have little influence on the result except for N, and
to some extent Jg,e, Which is expected from section 5.

$A%%

Val200 j_— Va
A\~ I
Vg <f5 % 16BT |
L

Period 30u Wb le-5 Area 1.71e-4
PW 16u Kp 4 Agd 1.7e-5
Vg 15 Tou 8.7e-7 Vo 500

Figure6.1 Test circuit for the IGBT parameters.

When satisfying parameter sets are achieved for all three IGBTS, the parameters are included in the PSPICE
IGBT model and implemented in the converter, starting with a half-bridge to verify circuit behaviour and
convergence. The full-converter is also verified, first with ideal switches, and then also with IGBTs and
snubbers. Thefull circuit is given in Appendix C.1.
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The smulations are performed at four different load conditions in accordance with the reference measurements
[26] and the circuit conditions are given in Table 6.2. The load conditions for the reference measurements are
lower than for the rated converter application owing to the requirement of safety margins when varying different
parameters like temperature etc.

Table 6.2 The circuit conditions for the simulated series resonant converter.

lload=100A; Vtank=400V Temp=45 deg
IGBT Sim. | Vload | Period Switching frequency (1/T) Rload | Cload [uF]
nbr [V] (T) [us] [kHZz] [ohm]
1 5 30,9 32,36E+3 0,05 350
gupeﬁ’ 2 40 31,5 31,75E+3 04 300
emikron,
Toshiba 3 180 33,3 30,03E+3 1.8 175
4 360 40,2 24,88E+3 3,6 175

The output of the simulations, like the one shown in Appendix C.2, is analysed and the total average losses
during five periods are calculated by dividing the total dissipated energy (top plot) with the total time.
Furthermore, the total losses can be divided into conduction losses and switching losses, which isvisible in the
middle-top plot where the pesks are the switching losses. The middle-bottom plot shows the voltage and current
of one IGBT(ZA1) and the bottom plot shows the load current and voltages and currents of the LC-tank (L, and
C;inthecircuit in Appendix C.1).

6.3 Results

Theresults of the simulations for all IGBTs and for two different parameter sets are given in Appendices C.3

and C.4, with the parameter values in C.5. The default parameter set is not used since the calculations of the
simulation do not converge and the unmodified extracted parameter set does not give realistic output waveforms.
Modification of two of the parameters (N, and Jge) Yields better results, shown in Diagram 6.1 — 6.3, although
this procedure is not very redlistic since the parameters are optimised in accordance with the known reference
values. Nevertheless, this indicates the importance of correct parameter values and a careful extraction
procedure.

From the diagrams it is seen that the parameter set, “ Optimised2”, gives the best results. The discrepancy in the
results of the Eupec IGBT is a result of the reference values having a different control strategy (dual control) as
well asaload current of only 75 A.

6.1 Power losses (without snubbers) - Toshiba 6.2 Power losses (without snubbers) - Semikron
1600 1600
1400 P — = 1400 —_—
1200 — 1200 -
1000 — Optlmlsedl 1000 —0—"Optimi5ed1”
— — " - " -
= 800 - ‘Optimised2 = 800 "Optimised2"
600 —=— Reference values 600 B A— —=— Reference values
400 400
200 200
0 0
5 40 180 360 5 40 180 360
Vlast Vlast

6.3 Power losses (without snubbers) - Eupec

1800

1600
1400
1200 —e— "Optimised1"
. 1288 = "Optimised2"
600 = —m— Reference values
—
400 >— *- -+ —
200
0 T T T
5 40 180 360

Vlast

Diagram 6.1 — 6.3 Power losses with two different parameter sets (“ Optimised 1" and “ Optimised 2").
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The parameter extraction procedure is developed for NPT IGBTS, yet, only a minor difference is noticeable
between the results of the SEMIKRON (NPT) and TOSHIBA (PT).

The results (Appendices C.3, C.4) also indicate that the modd does not emulate the circuit behaviour with
snubbers accurately. Instead of decreasing the losses as would be expected, the snubbers actually increase them,
owing to increased switching losses at turn-on (90% of the total losses). The reason for this is not easily
explained without an in-depth analysis, yet, it is evident that the snubber affects the transient characteristics and
transfersthe transistor model into aregion where the model equations no longer are valid.

During simulation, additional factors and their impact on circuit behaviour are studied. One of these is the
influence of the freewhedling diode mode. Different parameter sets are studied along with different gate
resistors without any major variation of the results. This cannot really be expected since the reverse recovery
current of the diodeis minimal owing to the soft turn-on of the IGBTSs.

As a consequence of the roughly optimised parameter sets, a minor leakage current can be observed, which gives
rise to negative power losses, hence, reducing the total power losses. However, a comparison with the absolute
value of the dissipated power resultsin a difference of only 1%, which can be considered to be negligible.

6.4 Discussion

One of the fundamental features, which would support the accuracy of the PSPICE modd, isthe similarity to the
Hefner model [3]-[8]. The Hefner model is implemented in SABER® in [23] and stated to be accurate “for the
range of static and dynamic conditions in which the device is intended to be operated’. However these
conditions are for low power applications (20A, 600V) and may be a reason why the performance of the PSPICE
model is unsatisfying for operation at 100A, 400V.

As mentioned previously, a thoroughly study of the implementation made in [9] has to be undertaken to find the
underlying causes of the inaccuracy of the PSPICE modd, but on account of the inability to obtain the
mentioned reference, this has not been possible. Moreover, the incomplete set of equations given in [10] is not
sufficient enough to draw any conclusions, however, congtitutes a source of criticism since the units of some of
the parameters are not consistent. The parameters referred to is Cgs, Coxg aNd Jgie, Which are given in per unit area
(cm™), yet, multiplied by an areain units of m? in the equations. Whether thisis an error of the referenced text or
the actual implementation of the equationsisleft unsaid and only stated as an observation.
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7 Conclusions

7.1 Results

The objective of this thesis is to find an appropriate IGBT model for power loss calculation and to verify its
performance. This has been done by means of the validation of the MicroSim® PSPICE® IGBT modd, resulting
from an initial literary study. The validation process involves a parameter extraction procedure and a subsequent
circuit smulation including the extracted parameter set, to compare the simulated results with the measured
reference values. These results are summarised below.

The results of section 6, indicate one major factor above al; the importance of a careful extraction procedure and
the accuracy of the parameters. Sufficient results are obtainable, but only for the unrealistic scenario where the
parameters are optimised to fit the simulation results to the measured reference values.

Furthermore, the model, even when including the “correct” parameter set resulting in the most accurate results, is
marred by difficulties of producing accurate results for the entire range of loading conditions.

Additionally, the performance of the model, trying to emulate the circuit behaviour at soft switching (capacitive
turn-off snubbers), istotally insufficient.

Consequently, the evaluated model is found not to comply with the stated specifications of section 1.

7.2 Future work

None of the IGBT models studied in the literary survey can clearly be stated as the obvious choice. Often, even
though the proposed model seems to be accurate, it is not validated and verified by enough measurements or
only for low power operating conditions. Nevertheless, there are some models, which can be of interest for
future implementation and validation, and these are briefly discussed below.

For PSPICE simulators the models proposed in [12] and [24] are of interest. In [12] a modd for both low and
high voltage levels (1200A, 3300V) is developed and stated to have better performance than the built-in PSPICE
model [14]. The design approach isthe lumped charge modd and the parameter extraction procedureis based on
Hefner [7].

The other moddl, [24], implemented using the ABM facility (Analog Behavioral Modeling) in PSPICE, is shown
to be more accurate than [14], however failed to prove the overall performance.

Lauritsen et al. have developed a modd in [13], with three objectives. easy parameter extraction, accurate static
and dynamic performance and source code available in the public domain. The model was implemented in the
SABER circuit simulator and validated for medium power applications. However, the available source code was
recently removed owing to bugs and errors of the code.

Previoudly, the importance of the parameter extraction procedure has been emphasised. However, the sequence
developed by Hefner in [7] is not easily realised successfully and as is stated in [25]; “only a few laboratories
throughout the world have the capability to accurately extract the IGBT model parameters”’.

In order to simplify the extraction procedure, a software package has been developed by Hefner and Bouché in
[25]. The package consist of five different programs, each with an graphical interface, which extract the 20
parameters used by the Hefner model [23], and uses the IEEE 488 bus to control the measurement instruments.
This software should facilitate the extraction process significantly and, together with the Hefner mode
implemented in SABER, would probably achieve a sufficient result of the stated objective.

Another possibility is to obtain the parameters, or even the complete IGBT modd, from the manufacturers. This
is preferable since the manufacturers have the necessary knowledge and capability to obtain these results.

Finaly, new releases of circuit simulators usually include extensive libraries containing various devices for
direct implementation into the design and future releases may offer the ssimplest way of achieving the appropriate
model.
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Appendix A

A.1 Optimal value of snubber capacitor

The value of the capacitor should be chosen in a way where the capacitor voltage reaches its maximum value,
Ve, @ the sameingtant as the current is equal to zero, likein Figure 2.4b. If the optimal value for the capacitor
is denoted, Cpase, and the fall/rise time for the load current/capacitor voltage is denoted tj;, then a mathematical
expression for Cpae Would be [22]:

. . t t

'cs=|0'|T=|0'|o(1't_)=|o_ O<t<ty (A-1)

fi fi

where i; isthe transistor current and |, isthe full load current.
I, %2

1
Ves (1) = — (g dt =———— (A- 2)
© Cs Ocs 2xCg %,
lo X &t 92
Ves(t5) =Voe P Cg =Cpye =W P Ves(t) =Vie th__ (A-23)
bC fi @

A.2 Undamped seriesresonant circuit

The undamped series resonant circuit is shown in Figure A.1, where Vy is the input voltage at time ty and the
initial conditions are I o and V. If the inductor current is denoted i, and the capacitor voltage v., then the
circuit equations are [20]:

LrC:;t_L-'-Vc:Vd (A'4)
and
c, Se =i, (A-5)
with the solution for t 3 t5:
_ -V, .
|L(t):ILocoswo(t—t0)+\%sn wo(t-t,) (A- 6)
0
and
Ve (t) =Vg - (Vg - Vg)coswy(t- t)) + Zyl osin w(t- t,) (A-7)
where
the angular resonance frequency =w, = 2pf, = L1C (A-8)
and
o L
the character igtic impedance =27, = C—r (A-9)
—p Y Y Y
f O Lr +
R o= Ve

Figure A.1 Theundamped series resonant circuit.
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Appendix B

B.1 Derivation of bg

The dlectron and hole currentsin the base, for an active area A, aregivenin [3] by:

| (x) = P0 <o +qP AD>§ thaéNo cosh[(W - x)/L]g (B- 1)
e Lg snh(W/L) 4
| (x)— qP AD aoth(W /L) cosh[(\N x)/L]g (B- 2)
n L b snh(W/L) 4

where, if x = 0 is defined as the emitter edge of the base and x = W the collector edge, the steady-state boundary
conditions for the excess carrier distribution are defined as:

do(0)° B, dp(W)=0

The anode current, evaluated at x=W, is then given by [3]:

2
L ORAD e W ¢ 1
= + 1 =Fola coth SW D5
Pl W)+ W) = n? L Ly sth(W/D)g
L Polee , GPAD cmoth(W/L) 1 8_
bn? L b smh(W/L)B
2
Fle o1 B g 11 @9
ni
b
P02+Q1P0'Q2|T:0 (B-4
where
gAD _n? ~n 1
x— coth(W / L and =—
Ql sne (W ) Q2 sne 1+1/b

Hence, P, can be expressed in terms of 1+ by solving the quadratic equation in B-4.

The expression for the steady-state common emitter current gain of the bipolar transistor,bg, given in [3], in
addition with the solution and coefficients of B-4, result in an expression for bg in terms of Py (consequently in
termsof I4):

Pl ge , GPoAD gecoth( W /L) 1 6
_ W) _ bn? L b smh(W/L)_
s 7 - 2 "
I, (W) Po lzsne . GPoAD 2 géﬂg __ 1 38
ni L Xg eLg snh(W/L)g
WD oth( W /L) ! 9
_ e L éb coth( W /L)sinh( W /L) & _

1 0
coth( W /L)sinh( W /L) 4

P+ MWD o w A -
L &

sne

1 0

2l
IBIPeTR e W L) 5 5.5
P, +Q -—1 9
° lg cosh( W /L) g
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B.2 M easur ement instruments

Measurement |Label (Instrument name Model
Vg 10 MHz Pulse Generator Thurlby Thandard
Instruments TGP110
Vaa Power supply(5V,0-20V,0-40V;2.5A) |Powerbox 3000
Vclamp |Variable transformer Metrel Ma 4804
IGBT Va
parameter Vce F’ower supply(5V,12V,0-30V;2.5A) |Velleman PS 603
extraction L inductor 44uH (2*22UH)
C capacitance 2200uF
Vg HV Differential probe SI-9000A
It Shunt resistor (10 mW) LEM 25
Oscilloscope LeCroy 3904AM




Appendix C

C.1 PSPICE simulation model of the series resonant converter

-

M
Dbreak 400V
Vg Tk el 1 RS
AN
D3 D4 m
L1 ] R4 1
X —
e l Wy 750|000
Dbr oud}
= {Csnub} 30uH 1.75u 1Meg
Rq
D5 D6
| +
W\I Dbreak — 400V
%D M |
82 PARAMETERS: PARAMETERS:
1 Period 33.3u Cload
R Dbreak T {Csnub} Rg 2.4 Rload
o Tdeath 3 Csnub
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C.2 Simulation output - Eupec

1lll]m7 --------------------------------------------------------------------------------------------------------- 3
i ._r-———-f__d_;_n-——-F-PJ_;_r-D-““"T_r___DJ_J_FTFdr____F :

| ' I e ' ' g
e )
gJ:I”_T::T___J:Ii _____________________________________________________________________________________________________ _E

o S{IC(ZA2)*(V(2A2:C)-V(ZA2:E))+1C(2ZA1)£(U(ZA1:C)-U(2ZA1:E) )+ IC(ZB2) *(U(2B2:C)-U(ZB2:E) )+ 1C(ZB1) #(U(2ZB1:C)-U(ZB1:E)))
1KY

T
|
|
|
|
|
|
|
|
|
|
|
|
|

4

B4 -+o

D - ===~ -

4
. X P.\\
SELY) !
ﬂJ. - — .
o 1C(2A1) « U(2A1:C)- U(2A1:E)
1

|
o

4fhus 42 Bus ihBus b Bus 48 Bus 5 06us 52 6us LhBus LéBus 58Bus 608us
o U{L1:1,08:2) « I{L1) + -I(R&)
Time
Vload =5V Csnubber = 0 nF
Top plot: Total energy lossesin all of the four IGBTS.
Middle-top plot: Power lossesin ZA1 and ZA2. Each peak corresponds to the instant switching loss.

Middle-bottom plot: Current and voltage of ZA1.

Bottom plot: The LC-tank voltage (square-wave), LC-tank current (sihe-wave) and load current (» 100A).
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C.3 Power losses - Parameter set: " Optimisedl”

IGBT Sim. | Vload | Total power losses Switching losses* Ref. values without Ref. values with
nbr [V] [W] [%6/lkW] snubber snubber
no Snubber |no snubber| snubber [WI** [ Pmeas/Pret]|  [W]  |[ Pmeas/Pref]
snubber| (C=390nF) (C=390nF)
Eupec 1 5 386 878 62//70 70//10 480 80,42% - -
2 40 405 894 59//73 71//11 675 60,00% 450 198,67%
3 180 395 891 53/167 83//19,7 1100 35,91% 630 141,43%
4 360 415 1028 51//35 58//29 1120 37,05% 690 148,99%
Semikron]| 1 5 617 1063 49//52 - 1310 47,10% 920 115,54%
2 40 653 1075 48//68 - 1350 48,37% 960 111,98%
3 180 748 1144 42//61 - 1390 53,81% 1000 114,40%
4 360 746 1354 35//33 - 1180 63,22% 870 155,63%
Toshiba 1 5 885 1563 66//69 - 1300 68,08% 650 240,46%
2 40 955 1527 66//67 - 1340 71,27% 660 231,36%
3 180 971 1598 55//147 - 1340 72,46% 700 228,29%
4 360 950 1831 56//31 - 980 96,94% 650 281,69%

*fraction of total (energy-)losses // maximum

peak of power for all

IGBTs during simulation. Not measured for all snubbers since results
are unrealistic.

**Eor

Eupec:Dual

Freq.Mod., 100A
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C.4 Power losses - Parameter set: " Optimised2"

IGBT |[Sim.nbr| Vload | Total power losses | Switching losses* Ref. values without Ref. values with
[V] [W] [%//kW] snubber snubber
no snubber no snubber [W]** [ Pmeas/Pref] [W] [ Pmeas/Pref]
snubber| (C=390nF) | snubber |(C=390nF)
Eupec 1 5 1132 2617 48//73 X 480 235,83% - -
2 40 1096 2528 92//72 X 675 162,37% 450 561,78%
3 180 1115 2549 90//66 X 1100 101,36% 630 404,60%
4 360 1713 2551 93//26 X 1120 152,95% 690 369,71%
Semikron 1 5 1364 2318 67//56 X 1310 104,12% 920 251,96%
2 40 1360 2278 70//70 X 1350 100,74% 960 237,29%
3 180 1358 2288 68//62 X 1390 97,70% 1000 228,80%
4 360 1460 2341 72/28 X 1180 123,73% 870 269,08%
Toshiba 1 5 1149 2095 68//71 X 1300 88,38% 650 322,31%
2 40 1153 2080 65//72 X 1340 86,04% 660 315,15%
3 180 1029 2126 59//50 X 1340 76,79% 700 303,71%
4 360 1337 2356 68//27 X 980 136,43% 650 362,46%

*fraction of total (energy-)losses // maximum peak of power for all IGBTs
during simulation. Not measured for snubbers since results are unrealistic.

**For Eupec:Dual Control, 75A; others Freq.Mod.,
100A
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C.5 Parameter setsfor the PSPICE simulation

IGBT Parameter | Area | Tau|[s] | Kpsat | Kf[] | Vt Agd Cgs Coxd Wb [m] [Nb [cm”-3][Jsne [A/lcm”2]
set [m”2] [ANVA2][(Kplin/ | [V] [m”2] | [Flem”~2] | [Flcm”2] (Isne/Area)
Kpsat) (Cgs) |(Coxdj/Agd)
Default 1.0e-5 | 7.1le-6 0.38 1 4.7 | 5.0e-6 1.24e-8 3.5e-8 9.0e-5 | 2,00E+14 6.5e-13
Eupec | Extracted |1.71e-4|8.743e-7 |4.0276| 0.968 |6.05| 1.692e-5 | 2.165e-8 | 607.2e-9 |1.081e-5| 5.906e18 7.205e-12
Optimisedl " " " " " " " " " 1,00E+13 2.2e-9
Optimised?2 1,00E+13 2.7e-10
Semikron| Extracted |1.96e-4 | 3.416e-6 |5.4970| 0.657 |6.12| 2.940e-5 | 2.171e-8 | 398.5e-9 |[2.271e-5| 4.105e18 2.582e-11
Optimisedl " " " " " " " " " 1,00E+13 2.58e-10
Optimised?2 1,00E+13 5.58e-11
Toshiba | Extracted [4.11e-4|3.896e-6 |1.5597 | 2.48 |4.71|0.9863e-5( 2.456e-8 | 787.7e-9 |2.415e-5| 3.737el9 5.440e-11
Optimisedl " " " " " " " " " 9,00E+12 4.44e-10
Optimised?2 1,00E+13 2.44e-10
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