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problem of independent s#gehstti ntghiosf rnees
g to solve. Whil e component manuf ac:
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rmance of the component . The speci fi
acturing issues or some other error
i's wdhryt antt itso ibmep abl e t o steepsatr att tree od
acturer. | n t his research a-Oxiedsd i n
ondu-Et bectFi Et @nsi stor (Si C MOSFET) [
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sonabl yasietwhe efcihmotl 0§iyC power transi s
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connected to the manufacturers. I n house

flexible, easier and faster than outsourci

1. Qompar iSMOSFETs and Si C MOSFETSs

Si C MOSFET is one of the more commonly u
MOSFET. Si C semiconductor materi al of fers
MOSFET and&i g@B& Whil e Si MOSFETs are well
frequency thegiaakcena®l rated operating
they have sufficieamtsirsdtaend ey olbtuagd aarkd i @QN
Si C MOSFETS fheaowebweesrt oof both by being abl e
and currents while stillRomamagom, 2®1 handl

100k ——

Power (VA)
S
&
|
|

._.
bt
I
I

100 ——

Y

10k 100k IM
Frequency (Hz)

Fi guQeeempari sonsioccf MOSFETs and | GBT (Rohm. com, 2

Usually, MOSFETs are used as a switch to t
situation switching is instant and has onl
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no I mpedance no matt ert hhroowhgghuswi tcahr edwi t
to OFF the switching is instant and the in

and the current flow is stopped compl et el

These kinds of features are not possi bl e
switching instances. Also, the ON and OFF
are Iimportant to know to be abltd yt dyu de sti h

a circuit with small enough power | osses.

1. PRProduct devel opment and component pt

Usually in product devel opment the faster
property is noticed, the cheaper and easi
i mportant to invest in proper anlde ftuom crhd as
and test the parts independently before tF

I n case of Si C MOSFETs the wusual l-gn meé asumr e
otftdnd reverse recovery parameters. These p

2. FArom these measured properties the energ

The beforementioned properties are depende
a plan to integrate a temperature adjustn
properties. These properties arenufmpotrdrmaa
specifications are correct and to ensure t
I n addition to these parameters the possilt
and i mplementation is pliaoeaedf andepo®ssshblt

thesi s.

1. Bhesis objective and met hods

I n this thediesignedstamendthen built for te
tested MOSFET. The testing process i s desi
the sense of executing the test, changing

an iodé sdevi ce.
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In the testbench the DUT could be chosen
the thesis and switching behaviour coul d
DUT could be calcul ated. Becausefiod dlhes e:
temperature of tested MOSFET is designed t
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2 Met hods of Doubl e Pul se Testin

This chaptlkee puppaseasand design of dmffer e
more detailed view of the circuit. The fin

and designs made in this chapter.

2.89hort explanation of testing

Testing method used for i mplementing the t
for testing the pahaendnm&ner sesmentmebhed i 8 u
power transistors and their operation. I n

by using a double pulse signal

(DC power supply

Voltage measurement

measuring device Tmeasuring device

Supply for R Calibrated D L g

+
L —
—_—
o1 e N et T
Pulse generator . Gate driver Chb —
~ 7 v Current measurement A

N

Fi gaSiempl i fied circuit of a double pul se

Simplified DPT Fdigracuwi n t i s howmcuint t he t ¢

freewheeling diode Iis used to keep the cur
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i s over. To be able to measure the s

the source are needed and theFmgas@ar.

g thepuéste, makest t@d MOSFET conduct
nt | evel in the |l oad inductor to de
rement at this time providdevioacauand
because the inductors <current i's n
tainties in the meaasfufr emmeaisur eBmeemtu sies
alling edge -oh mbas br ersiésnipnugb seed gaea do ft 1
when the inductor current has risen
approxi mately same current | evel
hosen inductor | imits the rate of cur
aturate at current | evel &t g&hielclh) tihs
ecommended to be longer than 100 Os t

nt change rate and temperature rise
rmance. When the induct orro fcfurgteaitt e hias
i's shorter than etthoeoffirst nRiagdnrtaDRg t

makes sure that the | oad inductors
ant in the tranBig8oe@al.3)The seédwandcrON
to be | ong enough to make t-fhel smee.as

ud, |l ssa and Yates, 2023)
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T T2 T3

Fi g8Gurrent waveform in double pulse test

At the start of the test, current starts t
The | ength of the first ON pulse is decide
the test that wil/ be spectheedulftnert. k@k

through inductor L and diode D and is kept
flow of current moves through Q again and

characteristics of r@.ntThpeulcsuersr eanrgel pvai tshusa liir

;ﬂ\o
N
e

ik
it

Device
under test

o)
-

N N

Fi g4Qurrent flow paths in different states of
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2.R2i stinct parts of the circuit in det

More detailed view of the electrical com
explanations of their purpose and design.

and designed in this thesis.

2. 2Tl,elsting area of MOSFETSs

This is the area that i s used for the test

as a whole PCB that has the testable part

DUT possible but | imited and edx pfernosm vteh ea sb
manufacturer s own selection. Al so, I n ca
i mpossible if the manufacturer doesndt pro

provides a PCB with foostplrtdatethencompbhen
removing and resoldering multiple times i :
skill of the user who solders the compone

bet ween multiple component s.

For fast and easy testing, the change of
dependabl e. Change needs to be made witho
without tools. The connection with emeasturi
and dependabl e enough that the test is wuse

that the results do not stand for the tes

measuring device was duritnigon hmearesstt haRtel 1

tesswith the same device are comparable wit
e

i s th device tested itself.

I n the design there are four separate DUT
easily and securely to the test bench. Fi
packaged4d H{O@Hrfe t he second i s -BR{rd@rce tmeunth
HU3PAK g()r eand f ouFi lg8r.e ThCGlsTe (packages ar e
each other that the connection method usec
at worst four different connections need

preferred thaul d hkee chboomes cwiitom tclhoe same or
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example, the connection type most certainl
the DUT to the bench would be same. The se
inserts on top of the DUT af ttehre ni rppg erstsiersg

to the bench so it cannot move during the

A2 oP1 ¢P

O
\]

D1

=)

o

)
D3

Lt

—x

b=

b (x4)

el
il e (x2)

Fi gbReckage di mends i dbetsppdes iSO N¥&7 croel ectronics, 20?2
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D A
D1 |
JARRARRRE. & 1 AAARAAAE .
‘ | PACKAGE - GROUP
J [ v PG-HDSOP-16-U01
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I n Rihge8trree footprints of different DUTs ar
Al s o, similaritieyg metdwe@E3n (QUU3I(PBXPAKar e di
upper footprint to show the possibility i
footpmi mop of each other

Q1 reference for size

(y
)

GATE_3 l

Q3

e

DRIVER_SOURCE_3
DRAIN_3

DRIVER_SOURCE_1

HU3PAK

.
SOURCE_2

DRIVER_SOURCE_2
T0247-4

Fi gaRFocot print compari son between the components
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further evaluation TOLT package was |

ntegrated to the testbench.

D2 Power Supply

ower supply is used to supply sufficie
ned by the DUT as well as ttheesspgefif agr
one. A commercially available DC power

DC power supply needs to be adjustabl e
i rements with different Si C MOSFETs. A
al | needed properties of DUT coul d be

.2Me3asuring equi pment

1y, compl ete production ready doubl e
anies that are also making other me a ¢
ysers. Because of this the meabyrthe I

facturers own measuring devices.

measurements in this thesis are also
urement devices |ike SIRIUSE modul ar n
nding on the available devices in th
ing devises makes it pae siifblne d&de ¢ hvaintg
he testbench itself and a system that
gned, thus saving time foro,t hcee it dhreirn

ding exact measur ement syst emonitsh W eorny

ect, time is not abundant.
sing avail able measuring devices, t he
design | ess time consuming and only tF

emented to the testbench software.

needed measurements to get al/l t he da
tested devdst€ataam/dSovuagdtEaygacism/d\Eovur ce) .
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measurements the | osses could be calcul at
need to do calculus and the threshold for
measurements that are necessa&ry hfeort etmper ta

the DUT and the heating/cooling plate.

Si C MOSFETS work wi t h fast switching ti
characteristics the measuring device needs
I's not big enough the measurement suffers
the rising and falling edges where the rel
make the results comparing the different I
the real performance of t he pwulhadl e BReassr
system (Scope, probe, DUT, DPT system) ne

l'inearity in mind.

The bandwidth needed for measuring digital

i n case of anal og signal measuring, wher
measuring device, it is the risei.Re me DI me
i's daeticoedifnogl Iteogyt @stei Wint h Si C MOSFETs t he 1
around 10 ns and in this case the requirec

(Ardi,z2a®n)

I n a voltage step a response could be cal c

W wp Q P
The response time is defined by the ti me
amplitude. I n equation 1 first point is 0.
points -iismedne 2.igkerdRLzoni, 2007)
p
C

SEERZ:
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By combining equations 2 and 3 the bandwi

C& @ L
Cz“zb fo)

And in a case of 10 ns rise time the minir
, . T&U
0w - o w Oa §]
pTE i

I n the design of the testbench and measur e
properties present i n the MOSFET and the \
parasitics FRirggu@dd spl ayed 1 n
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ATIT—8
Calibrated Decoupling capacitor DC-link capacitor
measuring device | + +
Vs meas:

H AT~ T
Gate driver (Rg)
Pulse generator

m ERAERIGOR| N DC-Link loop

:
)
%

- /

Figu®arasitic properties to bdakedsaidedbed)during

These parasitic properties have effect o]

behaviour of t he MOSFET as inaccuracies ar

Vol tage measuring could be done with a few

have their benefits and shortcomings. Vo l
types: active and passive. Biggeptrobetf aec
be externally powered and need active parl
neither. Active probes wusually offer high

vol tage | evel s.
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of voltage measur eme

Measurement method

Pros

Cons

Passive single ended prok - Cheap - Possible to introduce large parasitic
inductance
Active differential probe | - Generally high bandwidth - Expensive

- Independent probe ground

- Better accuracy

- External power source

- Limited dynamic range

Passive differential probe

- Lower bandwidth
- Better voltage handling
- Robust

- No active components

- High resistive load could affeeimplitude

of measured signal

Current measur ement could be done in mair
gal vanic isolation. I f the measurement 1is
measuring device is part of t he ucsierdc unett,h oi
for measuring current in this way is with
that 1is accurately reported by the manuf a
the voltage drop acroscsoultd ibse nmeafsiumed amna
|l aw in equation 6 (Robert Millikan, 1917).
o 8 .
Y
Separate way to measure the current i's by
gener at es. By using the magnetic field, t
deceis as galvanic isolation cuts possibil il



26

Tab2A2Co mpari son of current measur eme

Measurement Pros Cons
method
Shunt resistor | - Very high bandwidth (GHz range) - Heating increases resistance possibly
- High accuracy permanently
- AC and DC measurement - Bandwidth limited by parasitic inductancg

- Adds loop inductance to the circuit

Rogowski coil | - Isolated measurement - No DC measurement

- Linear measuring range - Accuracy dependent on the position of ¢
- High bandwidth (10 MHz range)

Zeroflux - Very high accuracy -Canét be opened so
transducer - Mediocre bandwidth (100 kHz range)| testbench is difficult
- Low offset

Because the use of different measuring 1ins
signal transmission times are not aligned
measurement . Al i gnment could be domet hea
positioning of the pul se: i n the beginningq
or rising edge). The first two are difficu
end is not easily ideimti tiheddi mealhlods mgpral
di fferent situations.
The alignment is only possible if the two
the signal form is not known it is preferr
executing the real test

2. 2P.ud se generator
Pul se generator handles making the signal
pul ses Bihgpdmeeidrs t o be adjustable and pref
make usage simple and dependable. The pul s
first the ON stage that needs to be | ong e
level for the test, then a short term OFF
di ode without inductor current dropping S
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gh for the measurements to be
of the MOSFET.

The pulse generator used in this test be

Kempower app

|l ications to save time and ot F

2. 2Gabk e driver

The gate dri

ver |lifts | ow | evel voltage p!

l evel f arndt hod fRUT a. | Blye rmaifn i srod meari toyn of

t est bench i
Si C MOSFETs

I n the test
testbench.

Gate driver

an earlier d

2. 2T.e6 t ci

Di mensioning

i mportant pa

s adjustable voltage | evel . Tt

as they might have different ¢

bench designdmrai porssli dt ¢én tiyn ttoh

that 1 s used i-modehipsoweersts ubpepnl
esign by Kempower.

rcuitry

of the test circuitry is star

rts that need defining are:

- Rate of which the current and voltage i

- Maxi mum t
- Maxi mum t

After defini
i nductor i s
able to magn

doubl e pul se

The selectio

with either

est voltage.
est current.

ng these maximum rating, t he
chosen the capacitor bank i s ¢

etize it without thepwlodd agfe t

test .
n of i1 nductor is wusually divic
i ron core or air cor e. The iro
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more parasitic capacitances to the core. I

as stable as possible between the two pul

i nductance. The maxi mum of induntbongipel E
From the equation 7 below the upper | i mit
Z(b
U 04—
0 X

o first pul s&,|l egamogtahv o(i<d 1hCeOat i ng DU
O inductance of the inductor
O test current | evel

W DC supply voltage

For the | ower | i s tt ad oef) (ibnedtunceteonr ,t hteh ep uol fsfe
i nvestigated. During tDDesoképstamael |l thg ¢
i nductance | imited by equation 7. For di me

the off stage i s mRidelLl dWhddrcéi sictulh ¢ RO rirséd ot
parasitic resisthance othel baddi hnsidocéofr aa
di ode.



o N/

—AMA,

R L

FiguXerrent path in equivalent

circuit

From the equivalent circuit the
Y, iy ZQ_Z
Yo O v p
By takitmgal | ogarithm from both
according to equation 9.
o r'l
] o ol
O MYzoz 2
11 (Y\A YO (o Y]
[ ' —y——— p n
u ¥ O —v ou

IO

current

S
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Where the parRzsaint ibe rsedivetdamcse ng Kirchhof
|l oop equivalent circuit and using the knov

to equation 10.

y YFO"ZQD
0 02 —, T
90 p

I n this thesis it is also important to re
al so the package in which the DUT iistnoc an
account and best compromise is needed to
Al so, the capacitor bank is needed to be
the pulses in double pulse testing. The
magnetic energy in the | oad i ndutcteas .pdshsi

during the first pulse and the minimum ca

the used | oad inductor.
El ectrical energd. stored in a capacitor
@] §ZOZ® PP

The energy draoyQ of the capacitor

vo P50 Pig:zo Vo o C
C C
Magnetic energy in inductor:

0 22520 po
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Because the energy drsop nitm otdlue edapgc itther i
bet ween WwWhedd woctatpsaci t anc® iosf stuhpep I¥gmnvio | t a
voltage drop oLinthectapaei obrtlibantklpa dt ¢ d u

O YO P T

For the capacitor to be able to store enol

must |druil tfiem ieoqquati on 16:

020
Zo 250 Yo Po
Asseen in equation 16 the capaamdbor biamdsc:
siamd | owered by high voltage | evels. With

i nductance need to be addressed by choosir
and preferrable using smaller capacitors i
(Schweickhard202h)d Her manns,

Si mulation is a big part of designing circ
that confirms function of the circuitry as
errors in the design procesd yc gpulrd baen dr ePnCd

also the changes could be made much faster

Problem with simulation is that whil e it i

or i s simulating most of the circuit, t he



32

circuit in real |l ife. This makes it possi

in a simulation but when i mplemented to re

Si mul aRiipinhhakhh gu3eas done using the calcul a
above and the values are specified in tabl

TablCal cul ated values for Ssimul ati on

Variable name Calculated value

Inductor value used 500 ¢H

Load resistor 225 mq

Capacitor bank value 3.3 mF @800 V

Diode forward voltage 145V

First pulse duration (1) 62.5 s @ 800 V
Pulse break duration {Eay 31.25 e€s @ 800
Bandwidth minimum ¢t= 10ns) 35 MHz
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Swil
Swi_DIP_xO1
1| F
[E3R L_loadl
ZS o 1=50Cu
o
1=K 2=A
R_loadl
r=0.225
<_> VL — ]
800 ™ c=0.0033
[a=]
@i g
NMOS
£ O
MEST
b Couple_pulzel
SE 15
0
SwW2
SW_DIP_xO1
l| Z
<~
Figuéercuit used for simulation.
= I(L_lcad1)
—V(Q1_D5)
— V(Q1_GS) Voltage Current
780V 110.54
720V A 102.04
BBOV- 93.5A
BOOV- 85.0A
540V // 76.5A
480V e 68.0A
420V . 59.54,
360V 51.0A
300V 4254
240V bt 3404
180V 25.5A
120V // 17.0A
BOV- 8.5A
Pt
e i i i i i 0.04
Bus 1G|u5 24|u5 32|u5 xwlus 4B|us S5us  S4us  T2uz BOus BBus  S5us  104us 112us 120us 128us 135us 144us
Time
FiguResults of the simulation.
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I n the simulations the induasothealtueewasts
reaching the sufficient current l evel s w
unnecessarily big. Boyt hchparnogh | negimstit htee fuvit aol dulee t
50H ¢ eH®®he pul se | ength and c apAaccciotrodri nbga r
the equation 16 when the5GHdudhteo rmi na Imwen iv

capacitor bank with the desighedo8d0VF, onk%

There wBreapPpécitors easily available that
designed for the testbench. As only one wa
7 CGF

2. 20p7erating system

Operating system is responsible with intei
the operating system all the features 't he
starting, setting up and stoppi nfgew hlkeu tttecsr
and switches or powerful and compl ex with
choosing a simple operating system the usa
it might not be possi bl eopmrtatoiuan ssoymset emmo da
with a complex operating system the regul

i s needed between the two.

Good operating system is such that anyone

without training but wuseful enough that a
controll able and adjustabl e. Thex aonppelreata sn
graphic user interface (GUI) or command | i

User needs to be able to change the para
parameters in question are the test curre
of the measuring range and drai st dabwl esouetct
al so the measured parameters and choosing

are needed.
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I n operating system design also the outpuf
specified for | ater i mplementation in thi:
from DUT after the test i S spoeercd md teedr.s | ain
values are displayed as®r nvetlhlata si sn aemaes yo ft ot |
of users choosing |Iike a CSV file or simil

2. 2.e8nperature regulation

The measuring needs to be performed in a ¢
makes it possible to see the performance
part for al/l use cases coul d baer ea sassessessesde. d
used in al/l ki nds of places all around the

and the operation needs to be sufficient i

The properties of SiC MOSFET differ when t

Figldaend in a product t hat wi || be commer
specified operating conditions are met in
adjust ment i mportant part of the test t o

conditions. Testable operating tempdel aQir e
to +150 AC.

I n the testbench there is an el ement for h
the user can adjust the temperature in whi
during the test to ensure thley tfetmprertabheres

during the measurement s.
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Ros(on) GADG110720191026RON

V
norm. Gsith)
( ) (norm.)

GADG110720191027VTH

18 1.4

Vos =18V
16 T 1.2
: Is = 250 pA

14 10

12 0.8

1.0
0.6

0.8
75 25 25 75 125 175 T,(°C 04
4 (°C) 75 -25 25 75 125 175 T,(°C)

Figufemper at ur erse eifsfteacic e ocamch gate threshold voltage

OnFi gb#aene data is fromd aMCGBSITFTBMA 9@ N6 D GCRRé/et
val uess 0Bf5QV@2G) | = 1¢8nf3,. 2V V( Ty(n))l B&Tydp . R .

2. Enx |l osur e

Pur pose ueifs emstbakly to protect the compon
getting shocked or hurt by other means by
be used to make product simpler to use by
suppbeebe interacting with. The enclosure
the test bench.

2. Bafety

Using the testbench should be safe both fo
does not break the MOSFET during the test.

Best way to | imit possibilities of the wuse
with the-adangenrnceucsessary parts that are n
encl osure should al so haveasse foeft ys d neead nue ecs

enclosure while the test iIis being done.

The safe use for the MOSFET and the bench

l' i mits that do not | et the user to input ¢
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the DUT or the bench itself. Al s o, cl ear i

high temperature components that need to L

2. Mested parameters

Tested paramet er s -sadwrud e {sdomedr Bddalt venrl ¢ adyreasi ra |
wel | as influence of temperature to these
possible to calculate the powermedaossusreisngo ft
PWM del ays is consideredolhese chattastigpeed
values and data coll ection methods from ¢t}
from the measured data omedyuraidrndg ntgo stome

i nvestigated to be i mplemented in | ater ti

Calcul ated properties from the measured de
the reverse recovery wevent. En éd&ri gyt Bderoes s e s
cal cul ated according to equations 17 and 1

Figuée calculated in equation 19.

Pulse width

<
-

90 % -
-7+ 50 % 50 % 4-
Ves /- 10% :

10 %

Figu®EXbdaracteriont ianefédfuemenns accor8ding to the |I|E
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\ 4

FiguFeeewheeling diode current during rever

| ®Fi glbYie s freewheelingttdhedeucuenenpbf daei
through the | oad inductor vadudcwheent hel OW
the freewheeling diode in a forward manne
switched on aftgaibre caatu steh eo fs ttahret soufdden pol a

in rever d¢ foreatistawor¢( duration (



3 Test bench

The

done

of
t he ti

resul ts

at

3. Tlest bench

design
the built test bench
me but

40

are di

coul dtkestibmmicdmamtee & |

Mmabdtéhe most i mportant parts and function
TabdChosen and specified attributes
Attribute Value
Maximum test current 100 A
Maximum DC voltage 800V
Testable temperature limits -40 to +150 °C
Usable MOSFET packages D2PAK, TO-247, HU3PAK
Measurable properties Gatesource and draisource voltage, current through DU
and temperatures effect to the switching behaviour
Load inductance 50.4 pH (Can be changed)
Capacitor bank total value 75.3 pF
Minimum pulse width, rise& fall 10ns rise and fall times (Limited by the used signal
time generator)
i for the designed gate driver circuit the minimum puls
width = 5.88 ns)
Measuring frequency Current measurement: scope capabilities 1 GHz*, prob
GHz**
Voltage measurement: scope capabilities 1 GHz*,
probe 500 MHz*** (\gs), probe 25 MHz**** (Vpg)
Possible things to calculate from Switching power losses, PWM delays
measured properties
Output data form / type DUT_Type;Sample_num;Temp;Load_current;Vgs;Igs;V|
(suggestions) / CSV file output
Misc. Fully toolless operation while changing the DUT
*Tektronix 5 series MSO **TPP1000 Tektronix probe ***TPJ
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The main objectives for designing the test
accuracy for data that would be easily col
because it makes it possibleufoirl ¢éacelergape

the future.
3.Qi rcui't

I n the circuit design simplicity is used t
and straight forward as possible. I f a re

a
circuit was found from widdiinn Kempower ¢ o
f

needed, small changes were made to simpl./
These unnecessary components could be, fol
not needed in the testbench environment.
Al so, using older ready designs make it f
test bench. Even i f some designs used in

to the testbench needed suffirceeints kino wima b
that nothing vital for the circuitds oper
sufficient | evel for proper usage as desi

The test bench consists of four different

and temperature board. The main board is t
|l oad inductor connectors, fr MOBF&EdIs2 4G,0di ¢
D2PAK & HU3PAK), connection pointasdf @amuxdadu

connections needed for powering and using

components for raising thevebntequisednhy
control board is the brain of the system

t he test, wi t h al | ot her contr ol signal
communication with userdioboetr diace. cImmpace!
and monitoring the temperature of the DUT
the temperature bo:aorndke, ftolrerpeoweerrd ngwa hei o
el ements and one §8giTdeempermeaser usgngheTD(
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Two odaudchet er boards are necessary for cor
board and contr ol board. The temperature
and a full test of the MOSFET properntides s
not used, measuring and controlling temper

the basic double pulse test iIis able t

temperature dat a.

Controlling the switching behaviour of

t he

STM32 based unit already used by Kempower

is controlled using LabVBEW pmoorger adre tsapielc.i |

signal is then amplified to a proper

vol t

of the original Kempower gate driver power

driver simple andthen®PUdl afk shgognal apaplbssi

3.BCB design and | ayout

I n this chapter the PCB designs and | ayou

are displayed in more detail and discussed
|l ocations of the main componened. on the bc
3.3Maln board
I n the designing of the main board the f
components | ike the freewheeling diode, c:¢
repl aceabl e as wel |l as all t he dcaoungnhetcetre db
the main board using easily availabl e con
board is the connections for the measurernm

measured DUT pin for accurasiebimeaandement g

of operating the testbench.
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the main board

Figu8ein board high side components

On the main board at the top |l eft corner,
capacitor bankdi oFmbiegdf®i.en Bwed toorr tdhred capaci t or
side of the PCB there are discharging resi
to the capacitor bank when the test 1is do
resistors the wdlet apgpsacdttowmred coul d stay a

shut down from the bench.



4 4

EEEEEEE]

TEEEN

RER

=
LK
LK
[
[y,
[
[ N
[t

RNy

e

RRERKRKREEK
RN T MR

Tamnan
FEFPPFEFERE

I

RRRRRRRRANR

Fi guLMOSFETs and related components

Bel ow these are footprints for testabl e M(
connecsecegripng the MOSFETs andFi gk e Shurwte
resistors are | ocated on the | ow side of

properties of DUT are | ocated adjacent to



On

vol tage

t he

the right

control

Connectors of the main board

voo +

V0D + measurement

oo -
V0D - measurement

w0 NN

%3 = Inductor connection

Low voltage connections

X20 = Temperature control board comnection

= AD2S beard connector
= misc. connections for AD2ZS board connector

L
o
ko
ko
L
[
S
LB

side of

connections

boar d,

J4= GND for current measurement
MOSFET drain measurement

Lou voltage connections

[ 1s012ted 6M0

side of the

t he mai

used Ffiogrz Ppeo vOenr it rhee

bet ween

n

+24U
+18U
+3U

+3U3
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isclated GMD (AUX boards?
Gate signal 02
Gate signal O3
Sense signal @1
Gate signal G
ense signal G2
Sense signal Q3

FEEE R RS

main board

board there

PHE&, coher el

tl red

ab



46

connectors for pins that are present on tfF

some part of the | ife cycle they are neede

3. 3Conntrol boar d

PCB | ayout of the boaFdghklteaThel MCHempoivke €
STM32 based wunit that i's used in this cact
functions | i ke temperature on the test ber
to make sure that tchea omrso cweesrseo ru saarbd ea laln di
Control of the test bench is done in such
updated or in other ways modi fied, i f the
the new versiwnshwthée Baéesbbwonchk.

KPWO32633-R05

@ KEMPOWER

Sticker

FigaSegnal generation and control board | :

The properties defeptllyi dilBacairsd eadr éderc@atuse of
made wunit and the testbench could be wused
properties mentioned in the result chapter
pul se mgdohuherarting and cooling when need:
the used board and could be done with man)
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3.3Gax e driver PCB

The gate driver circuit board ikenapocwetr .d o
the cutdown version the focus was shorteni
for fast and rel i ablg&®PsewiGtad lei g i vfert hes B
board using a PCle connection that is plac
and thus | essening unwanted parasitic prop
mai n boar d tfhfeerree natr ec anhrreecet idoibns on f or eac

the gate pins as possible.

L

czzl s e
— =y R18
INA M C © oy R |
®TP13 R17 c
DRU_EN c13 RIOD wipe
@Tr11 - R ARt ClFBl
INB “gm == Qg =

@ T1P12 co" C

FigaXxate driver | ayout front and back

Because of the different connections, it
each package if |l ater in the |Iife cycle of
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3. 3TeAdmper ature board

The temperature board consists of t wo si
thermocoupl e pair (One for SMD hol der anc
control side for heBtghpBeahhe coempeamgatiree
adjusted by measuring temperature of t h

measurement , el ements are then either he
temperature. I n the PCB t heorre tearld ialgs a hleE
component is being cooled or heated and t
temperature adjusting is being done.

Blue = Cool
Red = Heat

|

—_—
C33
-— U3
26 027 C28 3 C25
Cool R22 | |ﬂl -a QE - - gm* ;(s
C44 gp Heat ENA pins MRS
llO X13
R

+ - +
3.8 ¥ L2

Q1 & @3

= = ax o

R2s R28 : I: [
| . -

a " R5 c45

= 1- — Uée I

- 3u3_D19c3s c37 38 =

R30 35 |
n REJ

) 15V pul
O | Lz C51_C53
cs4 C52

10
arsd I | 11 °
5V DIZL — . 055| o -
L

vz
4849 C50 & C¥7

€58 SC Cool |R35
s | SD Heat ENA pins
— N 11 X14
R4l R39 )

Heater

00
[

W)
0

(N

L

3
|
>
%)
>
-

U U

+|
)
)y O O O O O
y Oy O O O

18 |

ggol er
l .

I R43 . ¥ %
ce2 l
c67 C66 Co64
us C63 C65

!
Blue = Cool = R42 cs9 |
Red = Heat

D15

Heater Q2

FigaZTaer mal control board with temperature measuring si
separated by the white dashed I|Iine for cl
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3.3F.CB | ayers, copwjpeaes thicknesses and

I n all boards there are fouranddywalst age tphea
two | ayers was too difficult and more thar
all the necessary paths. PCBathobcknegstwas
standard and the connector used forTEconn
connectivity (2022)

Top Overlay Overlay

Top Solder Solder Resist Solder Mask 0.01016mm
Top layer Signal 0.07mm
Dielectric 2 PP-00& Prepreg 0.07112mm
GND CF-004 Plane 10z 0.035mm
Dielectric 1 FR-4 Dielectric 1mm
Isolated GND CF-004 Plane 10z 0.035mm
Dielectric 3 PP-006 Prepreg 0.07112mm
24V _layer Signal 0.07mm

Bottom Solder Solder Resist Solder Mask 0.01016mm

Bottom Overlay Overlay

Figa#Main board PCB | ayers

Layer usage is a bit different on all the
in each board. The bi gg-easntd ddiafufgehrtienrg bfoaacrtd
i's that on the main board toninecréayeriss al
ground for different parts of Ftga4bodhedt o]

u
ayer is used foicurhenhi ghat howi ahphe wane 3.
f

di fferent voltage |l evels to minimize a pc¢
currents on the main board the heatesgar @h
for this high voltage | ayer 1is the seconc
connected to ispl abeshdttamet wal bayers fr.
top layers. Third | ayer is isolated groun
boards and the fourth | ayer is used for | ¢
avoid thevelffagéscbobulgth i ntroduce to | ow | e
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fr
se
of
to

pa

Top Overlay

Top Solder

Top Layer

Dielectric 2

Dielectric 1
15V

Dielectric 3
Bottom Layer
Bottom Solder

Bottom O

te drive
om each
cond | ay
the PCB
use the
t h.

Top Overlay
Top Solder
Top Layer
Dielectric 2
5V Layer
Dielectric 1
15V layer
Dielectric 3

Bottom Layer

Bottom Solder

Bottom (

Solder R

PP-006
CF-004
FR-4

CF-004
PP-006&

Overlay
Sold
Signal
Prepreg
Plane
Dielectric
RELES
Prepreg

Signal

Solder Resist Solder

Figa%ate driver

0.035mm
0.07112
0.035mm
0.32004mm
0.035mm
0.07112mm
0.035mm

0.01016mm

PCB | ayers

50

r boar dFil ga2yBee Tso pa raen dd i bsopt!taoyne d aoyne

ot her in | ayer

er

I setmaidealt ob dtewesegmmt h e

s a plane

gate driver

Overlay

Solder Resist Solder Mask

PP-006
CF-004
FR-4

CF-004
PP-006

Signal
Prepreg
Plane
Dielectric
Plane
Prepreg

Signal

Solder Resist Solder Mask

Figa@aer mal

W i

PCB

design and
for 3.3V and

th DUT on

0.01016mm
0.03556mm
0.07112mm
0.035mm

0.32004mm
0.035mm

0.07112mm
0.03556mm

0.01016mm

|l ayers

top

ei

both
t he
and
t her

t
k



Ther mal bdamg@a@ame@B itrhe same design in | ayei
earlier. The second and third | ayer are us
side of the PCB are the connector headers
On the main board the used vias are chose
outer diameter in high voltage net is 1. 27
on other nets on main board ard galfle Oat § he
type 6b the Via is filled with either el e
covered with | ayer of sol der MAaSEXOQnaATd rON

CONNECTI NG ELECTRONI CS .1

TYPE VI-B

51

NDUSTRI ES, 2006)

TYPE VI-A

3
3
o’ “ersrrerr

Liquid or dry film soldermask

FigaWVea type 6 b tha(tAlitsi uuns,e d2 002n2 )t est bench
I n the daughter boards the vias are smal.l
size) because the currents going through

showhi gair eAl |

used -wWolas taypetamaoumgd bl i nd
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3.Mechanical s

Th
en
fo
cCo
su

us

Be

i's chapter includes mechanical soluti ons
curoe6 the testbench. These were not the f
r holding the DUT in place during the t
mponent and ensuring safe usageoofot mak
re that a DUT that is only connected by

ed to measure component properties.

cause of ti me constraints the enclosur e

safely only a temporary solution was made

3.4DUIT hol der pl ates

e MOSFET being tested is held in place
ghtening screws for toolless easy operat

e main reason for these plates is to hol
sure that the electrical connection i s ¢

he hol der plates there was a plan to in
t he heating and cooling el ements for
mperature during testing. This waschot i
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Fi ga8e&47 connection plate model

Because of differing sizz4angadloaxzqd iion oor
a separate plate frémgpe L wot SMO WMOBFERS
the2#7® could also be used for securing t he

FigassMD hol der plate model
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The mounting of the D2PAK and HU3PAK pack
connected to the main PCB using 3 screws f
a design made for holding the SMD cmntploener
package does not move oFi ghhsamodn btehe | RCER dt
fourth hole for the | ater Dbigger holder t

el ement s.

3.4&n2xl osure of the test system

The enclosure is made to ensure that t he

sure that operator is not able to touch a

Because of the time constraints, t he encl
designed. Ti me was guided for more |import
functionality of the testbench i1tself.

3.Gperating system

Operating system is responsible for showi
saving the values gathered during the test
before starting the test.

At the first stage the needed inputs and v
the sketch was deemed ready and all nece
LabVI EW program was made accor diinkje towitthaeh
and buttons were first placed in a chronol
from the test parameters and DUT type to t
i nput of the test parawmeteabuéebeapdogfam v
l' imit or in some other way <clearly faulty

unt i | the values are corrected.
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Test progression

Inductor value (uH) DUT Packet T T2 T3 Test period (5)
~ .Tlmmg Save name
504 D2PAKT 6,297€-6 3,149E-6 4,198E-6 1,78429E-5 I R T SO BT DEBUG PANEL
Test current (4) M e o :
- easured values | File path for save file T
file path for voltage data ] | Time left difference
V.ds V.gs Lds 05 50
Test voltages and temperature | 3 .\oltagesim &= Max 1800 ME)( Max 120 930'4\ i 9’507 gud{)\ il 70
y format for save file | %.3F 1 ¢ 1 i
A file path for current data 02- /3 -08 20— —80
V.ds o 200 @ v_ds error E V. ds Vgs I_ds A . : 5
: 8 .\Curentsim sl iy MIN VI 01 09 10 ]
Al @ \_gs error o \1 o S
v gs 3y 24 ® format for read data
- Temperature error "
A P °6.3f & Temp ready Time & warning lights Lid DUT inserted
7 120 Test temperature (Celsius) T
q ime

Simulation files
Safety limit )

Test 150
est preview Total power losses (W) 0 E LA D
120- Close lid
PWM delays o 3
100 KILLSWITCH
£0-
Current 50~ Target No DUT inserted
temp 3 temp
el Files on/off

|
0 2,141E- -40

Fi gB®eperating system with the debug consol e

The operating system was done in LabVIEW

and relatively small wor kl oad for 1 mpl eme

(Fi gabpe

After inputting correct valwues, the progr

durations of each of the pulses in the

vol tage | evels in each of theTstagtsseilthien

first section of the operating system.

I n the second and middle col umn of t he

results and the | engths of pulses T1, T2

of tested voltages and currents, otfempmer DUA

with START and STOP buttons for turning

The third column of the panel contains

These |lights give the user a gener al war n

setup. The more accurate ergopl amod ewher d hte

done as well as short Fixgpdlamati on of t he
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DUT Packet Inductor value (uH)  Test current (A)
D2PAKT 20 100

Test voltages and temperature |

2
V. ds ’;: 1200 @ v_ds error
A @ v_gs error
- 20
V.gs 7 . Temperature error
;;: 120 Test temperature (Celsius)
FigliEeample of error in the setup
The debug panel is used to simulate the
making of the program and are removed in t
On top of the test parameters is a progre
program. In the program there are also oth
not be started if there isrmpeDUTy icnd veretde ¢
is tested by a sensor installed on hatch t

installation of DUT is tested by a short t

the DUT and getreameqiuf firoimemtl | modsu he test |

3.Teest bench

The made proeddurctf ulsl ,diwiptlmyal | the daught
boarHi gnaked the designed daughterFboa3 ds a
ankli g4 e
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™
™.
™.
=
™.
™ -
™
™ -
™.
BT
™

FigBFelly assembled testbench with daughter boards

Testbench shown in full, with the gate dr
main board. On the right side of the board
The signal for gate driver wasr g@ytemrer aod @ wle

directly to the gate driver and the signal
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| B448269A_Y6_248926

Nerzl R7
i)l Re -

k.

Fig8%ate driver board front and back

On the gate driver PCB on front side of t
connector for connecting the PCB to the si
there is the <circuit for crematihg DUE WiCt

b

transformer and other components necessar)

I n the gate driver board one of the input
pl ane and needed to be fixed. The error we
from the input to the voltage plane.

Al so, the 24 V input was removed from the
V. I n the final product this transform i n|

the inserted DUT.
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DLg 0
Blue = Codl VAN ,
Red = Meat o) ' y [ . 02%1003:
\ ! 1 }F\ﬂ? - - *'

TS1

R26 e

R2% i ="

R21®A" 20

.-
R27% ®°

3!013 r?:; E:-a; c38 "U:-
3’.‘ RS2 R0 38 L
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f -

L4

1 ERE
RER i =
0001 I Cs3 Ges

Heater G2

Blue = Cool .
Red = Heat

Fi g8&femperature monitoring and control board with pot

simulating temperature changes in the meas

Built temperature boakidg8wliethf ttelre tphoet einntiitoi

done the whole board was assembled and a

through i n morde det ai l in chapter



Fi g3@MOSFET hol ders instal F2e4d7 oinn stthael |teeds tobne ntchhe wiitght

Printed MOSFET hol der sFiag8% edTi hsepsl ea ypelda tseesp ac
the main bB24a7vdM@BFETTON

A

Fig3®einted

are connected to the

coul d
SsCcCrew

used

be done wusing

or compl etely

hol der s

mai n

simpl e

n car plastic covers

f

SCr ews

or

n

MOSFETs

engine
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-li g Bd eiThesipows sium
board wusing
and

di ffdroerkti ngo @lilIness smog \e
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4 Testing of the properties of
The testing Iis separated into two differer
boar d, gate driver circuitry and signal
necessary for the basic oper attiiemns off
tests are conducted for making sure that
basic operations could be done. After
al | of the designednbdoatdd tesl dabkeddnsepl
TabSTesting done to the bench
Name Method Result & notices

Main board voltages

Testing if voltage levels are

correct and every net is

Gate driver voltages

working as intended

Control board voltages

Temperature board

- Locations of DUT is not electrically

equal and could be improved

- 24V level removed
- 3.3 V level had a design flaw in one

of the inputs and this was fixed

-Test not done and will be done in

second iteration

-3.3 V voltage level not needed &

could be removed

Gate driver

Control of DUT test

-Working as intended with signal

generator

Low voltage test with 45V

Integrity of bench is tested

247

D2PAK Low voltage through -Best performing
D2PAK

HU3PAK Low voltage through -Mid performance
HU3PAK

TO-247 Low voltagethrough TG -Worst performance

High voltage test > 120V

i

Q

h voltage tests

HU3PAK

D2PAK High voltage through -Best performing
D2PAK
HU3PAK High voltage through -Mid performing
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TO-247

High voltage through TO
247

-Worst performing

Userinterface test

Tests for software

Functions

Testing that all basic

functions work as intended

-Working as intended

Control and safety

Controls for the control

board are working

-Not tested because of time limits

Measuring

The measurement can be

shown from the software

-Measurement and calculations in CS
form working as intended in the

simulations

Temperature board test

Testing the voltage levels from the outputs and temperature meas

signals
Control Control signal test -Designworking as intended
Measuring Measuring & accuracy test | -Tested using potentiometer without

accuracy testing but functioning as

intended

Fig3mested

MOSFETsHD3PAK 4¥nd TO
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Fig3&eéerst | ow voltage t24s7t scope result don

Low voltage Fti gf8tBseroens uflitrssti nt est that was

package. From the results could be seen t
intended and when the gate voltage is |if
through it. ewWwhdmwydthe icurpwinlt fl ow t hrougtl
measurement on the bottom however is very
of certainty about the real resul t.

Figi®ew voltage meaduraefmeat ¢UdiOck tune ups to the
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This problem was tackled by changing the i
|l oop, changing the routing of measuring in
components and addpmagbesatecavelid e Theget ochta
the resulRi gaBsthesckk enhe®ncurrent waveform i s

OFF switching event the result is stildl roi

Edit  Utiity  Help

Figadew voltage test done to -SUBPAK (bDiSomgeepDbbihbget ol
voltage for current measurement)

Figeatew voltage test done to-SDbakPAK (vioHSdra gteeep Btod it lagtet, o M
voltage for current measurement)
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Ot her | ow voltage test for FHW3MAAE agnidk eD 2 P /
The voltages shown in figures as two top

components than o4 % ,hebuthrowrgrhe mtolspiTkOes a

voltage test. Some of the spi kuersi ngn itrhaec ccw
as the voltage drop over the shunt is very
A Il ow resistance shunt was chosen with the
| ow voltages is not opti mal

Hi gh voltage tests were done with two vol

ri sing the voltages to these |l evels and r e

According to the | ow voltage tests the b
D2PA/K an@4Z0O this performance lanlfy ebeacaes e
MOSFET package is inherently better than

same for all of the DUTs and current path
earl i el247eandTBGU3PAK per f opamraanbclee waansdn cD 20PsA¢
outlier with slightly better peé&rfsor Maecai g
voltage tests made (200V)2 44k raen dc etn2dPacktkeady ef:
to get the best and worst case with the te

from the common mode voltage spikes.

W

Fi gaMHegh voltage test with 140V t estSdadwrnee fwadS tHalBePA KD r( &
voltage, Shunt voltage for current measur
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Waveform View

—

Fi ga¥Hegh voltage test with 140v d8pertervbDBbBAfeEel Powi aag
Shunt voltage for current measurement)

140V test done to tFRegddalMAa4edpPD2PAKed Yy

similar performance with few doureeewvoé¢d a
the D2PAK is |l ess unstable which coul d be
waveform rising edge i s esloaarel y ormha raagnedse ftih
under shoot is also | ower in D2PAK with sbh

Fi ga#dHéegh voltage test24diomee swiltths 2(0f O Brd wtr aTEO tve-Stb@tgteeem:Dr @

vol tage, Shunt vol tage for current measurement , Vo
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Figa¥Hegh voltage test domeswilthl 200V M oduar2eR AKoHShtatgemn: DG a
voltage, Shunt voltage for current measur

Hi gh voltagditgdsaenln gddlet s hionv tests with t
done for onl y2DOD2PAHEclkagesTO From the resu

switching event is far from i deadsciHmea tsewi
the amplitude increases i f voltages are r .
the gate driver signal di storts in such a

be seen. The effects bBifgdde s$pekdonttowml dne
where the distortion peaks surpass the ea
voltage spikes drop to OV and on the OFF

was the highest | evrelorwherr et @ hlei mietstt hvea se fc
the gate driver circuitry. Voltages were n
t hat created relatively wvery high voltag:

introduce sakageseotb oheinr

The switching behaviour in switching even
voltage | evels and only worsen when the v
hi gher than 200V was made. Even i f Ityhe ¢
measuring error there were no sureness abo
pul se as the measured spikes were multiple
relatively | ow 200V test the agler nertrs tdeca
Ohm)Fiigweeoeul d be as high as 400A. This is
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no way to accurately measure the | evels i
making some adjustments and I mprovements t
~ G 7.577 ps
QV:Q.MEV
.t 7.603 ps
UV13.01?V

At 25.796 ns
1/t 38.77 MHz
Av: 6,024V
Av/At: 233.54 MV/s

Fi ga®& state switching event imR4nMore det ai l i n

t 5.028 ps
oy 224996 Y
t

5044 ps
227131V
At 16414 ns
174t 60,92 MHz
Av: 2135V
Dodit: 130,08 MY/

=

Fi g4 OFF state switching event i-2i4dmmore detail i n
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Biggest problems with both ONI g&a@EaRFJduUr rsevi
47 During a switching event a | arge amoun
circuit i n the main board as well as i n g
function of the test bench most notalfy tiht
common mode interference iIs thought to be
with the | ayer design. The ground of the
the secondary auxiliary boarea laamyde rtsh et hbaott
whol e main board. Because of this design

voltages are capacitively coupled to the o

0y e

Figa&%ate drivers off state interference

The gate driver was designated to be fl oa"
This introduced a problem that could be s
with only having the g&tiga@8rilher 2pO0wkHedi
seen in the bottom wavef or m i sc ornevleasteedd ttoo
power the gate driver output side &ndurtrleen

4 dDver the shunt resi stor.
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Figadest system used to test temperature measu

The testing system used to test fuRicguoail
49 On the |l eft side there are the voltage
measuring.

b - W

e (mmsm |
Zoh @ coorer
olRSErv—“ I_ =2

Heat ENA pins

i85

1 et
J

DiZ  B44B269R.Y4.240926

Figh@emperature board with cooling enabled and
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FigbfTfemperature board with heating enabl ed and

I n the thermal board an RGB LED was pl aced
cooled or heated at the ti me. Tda sgthitaegd t h e
Figbiwbhere the cooling sidbl uoef LtEhDe) coirr chueiatt
iI's powered on (red LED). On the board the
| eft corner and one on the bottom | eft cor
either SMD MOSFETs or the TH MOSFET.

Stop

3.12MS/s [ / 3.20v 13:53:48
20M points  <10Hz 04 Nov 2024

FigbhPbdoto of oscilloscope screen with enable pin data
bottom



























