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Experimental evaluation and modeling of the thermal bairanfia TO-247 Mosfet

IBRAHIM MALIK ALJANABI
Department of Energy and Environment
Division of Electric Power Engineering
Chalmers University of Technology

Abstract

In this thesis, analytical modeling of a MOSFET as well agstigation of its gate drive was performed.
Firstly, the performance of the gate drive circuit duringtshing mode was tested. In order to do so, four
simple case set-ups consisting of RC circuit were switchethe gate drive. For the first case a large re-
sistor and small capacitor was selectétl-€ 2.2nF, R = 4.72). For the second case a small resistor and
small capacitor were selecte@' (= 2.2nF, R = 19). For the third case a large resistor and large capac-
itor were selected = 10nF, R = 4.79Q). For the fourth case a small resistor and large capacitoe we
selected' = 10nF, R = 11)). The results in these four cases were in agreement wittethdts from the
simulation test set-ups.

The next step was modelling a MOSFET thermally using PLE®348nk. The analogy between the
electrical and thermal components was used to obtain tHexguédvalent circuit diagrams. The sources of
power dissipation which was generated by the device wasesspd as® = I = Vr; which correspond
to current sources, and RC elements were used to represethteitmal impedances;;, of the MOSFET
which could be obtained from the manufacture datasheetembgyy losses of all internal components in
the module would be dissipated through the thermal impesidpgc

The power dissipated in the MOSFET in DC operation mode, imvias generated by conduction losses
(P.), was calculated by multiplying the square of the root mesnevof the drain current by the on-state re-
sistor. In this experiment, the first power supply was usezbtdrol the drain current through the MOSFET
while the second power supply was used to keep the MOSFET safiplying a DC source at the gate pin.
The power dissipation and the ambient temperature was meghfar each value of the drain current.

The temperature was measured by using a resistor sensdipTdi@ne thermocouple was attached to
the MOSFET while the other thermocouple was positioned@pprately 10 cm away from the device to
measure the ambient temperature in the vicinity of the MOS&&vice.

The temperature measurement circuit was designed andhbePGB was built and analyzed in the
simulation software Target. After that the PCB was ordefédee case set-ups were studied. For the first
case the MOSFET without heat sink was tested. The case tampewas measured and compared with
the simulation results. For the second and third tests th&MET was screwed onto a small and big heat
sink respectively. In the third and fourth test a thermdki8on pad with thermal resistanceto%,‘—? was put
between the MOSFET and heat sink. The case temperatureihlesgmperature, and ambient temperature
were measured. The measurement results were in agreembrheiresults from the simulation test set-
ups.

Index Terms: Gate drive circuit, MOSFET thermal modeling, junction tesrature, losses calculation.
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Chapter 1

| ntroduction

1.1 Problem background

The implementing of silicon carbide (SiC) offers high speedtching, high temperature and low size.
Many researches began from the last decade to improve thdityiaf SiC technology. The losses and
junction temperature of the device are very important issn@ny converter design. This can be improved
by using a high switching speed device such as a SiC. Howaweajn limitation is the stray inductances in
the circuit and EMI restriction. The main limitation of themsiconductor devices capability is the increase
of the power dissipation. In other words, the maximum curagrd power capability of semiconductor de-
vices are limited by the maximum junction temperature ofdbeice. The junction temperature increases
beyond the specific limit due to the switching losses and aotion losses of the semiconductor devices.
Both the electrical and thermal optimization are neededd®ioto know electrical and thermal properties
of power electronics system. Often the simulation of theisenductor device is made at a fixed and static
temperature. However, this might not be a suitable apprsimde many features of the semiconductor de-
vice is strongly depending on the temperature. Therefogetdmperature is one of the vital parameters to
predict the behaviour of the system [16]. The junction terapee and cycling temperature are important
parameter to maintain the lifetime of the device. The jurctemperature is affected by many component
parameters. Thus, the device could be permanently damiédfeeljunction temperature exceeds the max-
imum value. For most converters, the switch is required to @N/OFF at the entire load current which
gives high switching losses due to Ialgeand%. As a result, electromagnetic interface (EMI) is produced.
So it is a trade-off between the EMI behaviour and the theoptimization of the device.

The percentage of the total heat that flows out through the MEISdevice is important to know. This
importance is due to that it affects the amount of the curttgattcan be successfully switched through the
MOSFET. Guaranteeing a low on-state resistance and betteoflheat away from the junction will ensure
the reliability and performance of the MOSFET as a switchakev

1.2 Purpose of the work

The first aim of this thesis is to verify the experimental feswith the simulation results of the thermal
model of a MOSFET. The accurate calculation of the tempegdtuneeded to make an integrated effort
between the thermal and electrical design aimed at vegfigiss calculation theory. Moreover, a target is to
make thermal measurement on a MOSFET and compare the résuthe/simulation result of the thermal
model. Moreover, using different sizes of heat sinks, theiidbe used to quantify the effect of cooling on
the MOSFET. In addition, an objective is to calculate the poudissipation for different drain currents. It
is also studied how the temperature act back on the junatimpérature and drain-source resistance. Last
but not least, an important aim of this work is to design asimagcurate temperature measurement circuit
as possible to measure the case, heat sink, and ambientregorpe
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Chapter 2

Technical background

2.1 Metal-Oxidetransistor(MOSFET)

2.1.1 Operating principle

The MOSFET transistor is a majority device which means thetd are no excess minority carriers that
must move in or out the device during @QFF switching. Therefore, the MOSFET device is faster than a
bipolar devicel[25]. For the MOSFET transistor there is aystrapacitance and depletion layer capacitance
which can be modelled as shown in Fig._]2.1. Therefore, a ntitseneeded to charge and discharge the
capacitor during turn-on and turoff. The peak value of this current is limited by the gatestsice and
last only during the charging or discharging of the gate capace.

Metal Gate  Source
®
| S102 /]/<
M NN+
P T P
= ___ o7 N _____
N-
N+
Drain

Fig. 2.1Cross section view of n-channel MOSFET

Three important capacitances inherentin a MOSFET stradighown in Fig[2]2. The most prominent
capacitor in a MOSFET structure is formed by the gate oxigeerldbetween the gate metallization and
the n+ type source region. It has the largest value (a few femagls) and remains more or less constant
for all values ofv,s andwvgs. The second largest capacitor (a few hundred pico forwasd&rmed by
the drain body depletion region directly below the gate izgdion in the n- drain drift region. Being a
depletion layer capacitance its value is a function of therdsource voltage,s. For low values ofv g
(vas < (vgs — vgs,n) the value okyq (cqq2) is considerably higher than its value for a large as shown in
Fig.[2.7. Although the variation af,; betweert,4; andc,q2 is continuous, a step change in the value gf
atvgs = vgs — Vgsth 1S @assumed for simplicity. The lowest value capacitancerisiéd between the drain
and the source terminals due to the drain body depletiom kyay from the gate metallization and below
the source metallization. Although this capacitance isdrtgnt for some design considerations (such as
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Fig. 2.2MOSFET equivalent circuit during various ON modes

snubber design, zero voltage switching etc) it does noteagigioly affect the 'hard switching‘ performance
of a MOSFET. Consequently, it will be neglected in our distois. From the above discussion and the
steady state characteristics of a MOSFET, the circuit nsode MOSFET in the three main modes of
operation can be drawn as shown in Hig.] 2.2 [26].

The most significant change in capacitance is the changeeigate-drain capacitaneg,; due to the
change in the voltage,qs. The capacitance,, is the capacitance of the oxide layer in series with the
depletion layer. A varying voltage,, will change the length of the depletion layer and therebyp éte
capacitance, .

2.1.2 MOSFET switching

There are many factors that affect the switching behavibar OSFET transistor such as stray capaci-
tances, switching frequency, etc. A step down convertesasito investigate the behaviour of the MOSFET
transistor switching. Many assumptions are consideredifoplicity. The free-wheeling diod®; is as-
sumed to be ideal which means that there is no reverse rgcoument. Furthermore, the load current is
assumed to be constant during the short switching intefuadlly, the gate drive circuit is assumed to be a
step voltage source to give a voltage step between zer®andn series with the gate resistd in Fig.

2.3 [5].

Yoo R
1G

VGG ")

Il

Fig. 2.3 Step-down converter



2.1. Metal-Oxide transistor(MOSFET)

eTurn—on procedure

To turn the MOSFET transistor on, the gate drive voltagg)(switches from 0 to ¥z . The input capac-
itancec,, is charged from 0 t@, ;. The equivalent circuit for the MOSFET transistor durinig finterval

is illustrated in Fig..ZX. When the gate drive voltage chefigm0 to V¢, there is an inrush gate current
which can be expressed as|[28]

e

iy = 2.1
g RG ( )
WhereV is the gate voltage (V)i is the gate resistof)), andi, is the gate currenty).
VGG
+VGG
vasyT
>t
Vas(t) 7
Vds,on
3t
VGG ID([ i
Vs, lc /—/_
Vgs,th / N ¢
V4
1G(t) 10 /
N >
AN 4
IG,10 _
|
\ N Td,on!tri lefvll tfv2
7

(@) (b)

Fig. 2.4Two MOSFET turn-on waveforms

Most of the gate current is flowing in the gateource branch to charge the gate-source capacitance
(Cys). While, a small portion of this current is flowing througletbate- drain branch. As the voltage on
Cys increases, the voltage @ry,4; decreases slightly. The input equivalent circuit can beasgnted by a
series combination ak¢, Cys andCjyq1 as shown in Fig[ 2.5(R) [28].

— d ——Cd

VGG VGG

—_—————————

(a) Cutt-off region (b) Active region

Fig. 2.5MOSFET equivalent circuit



Chapter 2. Technical background

——Cd —Cd
VGG VGG
(a) Active region (b) Ohmic region
Fig. 2.6 MOSFET equivalent circuit
dv,
i 7 (2.2)
whereC;, is the equivalent of’y; andCyq1
Cin = Cgs + ngl (23)
dU(’ szn — V¢
in— = ———— 2.4
“in"at R. (2:4)
As a result we can represent
Cindvgs Vaa — Vgs
_ 2.5
dt Rg (2:5)
This is a first order linear equation that can be solved by
t
vgs(t) = Vaa(1 — exp(——)) (2.6)

T1

wherer; = Rq(Cys + Cya1). The voltage drop on the diode is zero because it is assuraeththdiode
is an ideal diode and the entire load currénts free-wheeling in the diode. While, both drain current and
drain voltage are kept constant during this period. Theegtbis period is called a turn-on delay (,) [20].

Ve B s
td,on = 7RG(Cg5 + ng) IH(GGT:;],HL) (27)

At vgs(t) = vgs,th, 1q Starts to increase and now the MOSFET enters the activerregéa where the
equivalent circuit shown in Fid._2.5(b) will apply. The gatgtagev, will continue to increase as before.
Then, the drain current() starts to rise as a function of as it is given in below equation [26].

id = gm(vgs - 'Ugs,th) (28)

At the end of this interval, the corresponding valuegf is vy, 1, andlq is Ig 1, as illustrated in Fig.
[2-4. The total time it takes fay; to reachl, is,

Ve — Ugs,Io
tgs 1o = —Ra(Cys + Cyq) m%) (2.9)

Hence the rise time of the current is
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tri = tvgs,]o - td,on (210)

At the end of the rising time of the current, all the currerd baen transferred from the free-wheeling
diode D to the MOSFET transistor. The drain currefif)(cannot increase beyond the load currdpj.(
Thereforew,s will remain clamped at the, 1, level and the voltage o€’y will be constant as shown
in Fig. [Z4. The MOSFET transistor equivalent circuit canilhestrate as shown in Fig[_2.6{a). While,
the drain-source voltage,s begins to fall from its previous valug; because the gate curreht starts
discharge(yq) [5].

dv Vaa — Vys.10
Ig = ~Cypa—t® = =7 RG“ (2.11)

The drain-source voltage can be expressed as

Uds = Udg + Vgs (212)

As mentioned above, the gatsource voltage, is kept constant in active region. The draispurce
voltage falls from its initial valuey; to thevgs,on.

So
dvgs  dvga  Vaa — Vys,1o
= = 2 2.13
dt dt CyaRc ( )
Solving the above equation yields
Ve Sz s,lo
vas(t) = vg — —GG T~ Cgsloy (2.14)

ngRG

At the end of the this interval, the MOSFET transistor enteesohmic region where the;; ,,, can be
expressed as

Vds,on = IoRon (215)

The decrease of drain-source voltage ,,, from v, to v4s o, has two intervals. In the first interval, the
MOSFET transistor operates in active region where

Vds > (Ugs - Ugs,th) (216)

This can be seen in Fig. 2.7 the value of @ig; is small. Therefore, the fall time is short in this interval
as shown in the following equation|[5].
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- — - Idialization
— Actual

Cgdl

Vgs=Vds

Fig. 2.7Change of the gate-drain capacitor with the drain-sourttage

(Va — vas)Cyar R
VGG — Ugs,Io

tro1 = (2.17)

While, when the MOSFET transistor enters the ohmic regioafalling ofvys o, is slower than before
becaus&’yq> > Cyq1 as shown in Fig[_2]4 and the falling time is determined as

tf'u2 =ton — td,on —tr; — tfvl (218)

At the end of the falling time 1,2, the gate-source voltage(,s) becomes un-clamped and begins to
increase td/z¢ with a time constant as in shown in the below equation and djuévalent circuit can be

represented in Fid. 2.6(b)I[5].

To = Ra(Cys + Cgaz) (2.19)

eTurn—off procedure

The turn off procedure is the reverse process of the turnepssi he first step is to reduce the gate voltage
from +V ¢ t0 0. At this time the gate capacitor is chargedigg (vys(t = to) = V) and due to this the
gate current will be negative as shown in Fig]2.8 and can peeszed as

ig(t=0)=—-9< (2.20)
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VGG(ON
+VGG
vas(’T
N ¢ Vd
Ves(t) 4
Vds,on N
S * t
VGG Dt V4
Vegs,lo
Vgs,th ~ N
7 10
IG(1) N
>t \
1G,I0 I/—/ >
Td,off] trvl | trv2 tfi

(@) (b)

Fig. 2.8 Two MOSFET turn-off waveforms

The drain current is carrying the entire load current whiakans that there is no current flowing in the
free-wheeling diode. Since the MOSFET transistor is ofrggah ohmic region, the drain-source voltage

vgs is calculated in[{Z.15). The negative gate current will diage the capacitor and the gate voltage will
decrease, see Flg. 2[8]26].

. Vea
t
vgs(t) = Vaa exp(—;) (2.22)

The gate-source voltage decreases until it reaches a ootestal wherevy, = vgs 1o, While, the drain
current is equal the load current. The gaseurce voltage is

I,
Vgs = Ugs,th + _g (223)
Solving the above equations foE= ¢4 ¢ ¢ gives
_ Vea
ta.off = Ra(Cgs + Cga) n(——F—1-) (2.24)
Vgs,th + ==

gm

When the gate voltage reaches the level when the drain-sgurcent equals the load current, the gate
voltage will be clamped to this level at the endtgf,;s. From this time, the gate drain capacitor will be
charged by a negative current which leads to the increaseeofitain-source voltage as is visualized in
Fig.[2.8. During the time,.,.1, the gate drain capacitor is equal@q. value which is a high value and
during the timet,.,.» the gate drain equal 10,4 value which is low value [26].

AS previouspgs = vgs, 10

. dv d(vgs — Vgs
iy = Cpa =2t = cgd% (2.25)
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During this interval the source-gate voltage is constahis Vields

. dvds
lg = *ngw (226)
The drain current can also be found
. Vs (t1) 1 I,
pr— = — s —_— 2.27
Zg RG RG (U.‘] ,th + gm) ( )
With v45(0) = vgs,on , the solution is given by
1 I,
Vis = Vds,on + m(vgs,th + g—m)(t - tl) (2.28)
At t = t,., ,ugs = Vg solving fort,., yields
Vi — Vis.on)RaC
lro1 = Va ds,on) IG gdl —tdofs (2.29)
Vgs,th + g_:;
Vi — Vis.on) RaC
ﬁ7'v2 = ( d ds, ) G gd2 - trvl (230)

Lo
Vgs,th + Gm

When the drain-source voltage reach@sthe diode starts to conduct and the gate-source capagitanc
is discharged leading to decreasing in both gate voltageleaid current as shown in Fig. 2/8726].

At t =0, v45(0) = vys.1, and then

t—t
Vgs (t) = (‘/;75,10 + VGG) exp(— 2) (231)
At t =tr;, vgs = Vgsth. SOlving fort; yields
vas,]o
tri = Rg(cgs + Cya) In(—=2=) — 2 (2.32)
Vgs,th

When the gate voltage reaches the threshold voltage, theFED &ansistor stops to conduct and the
drain current is zero as shown in Hig.12.8.

2.2 Phaseleg converter

The configuration of the phase leg converter 'two quadranveder ‘ is shown in Fig._2]9. It consists of
two switches; and@- connecting in series and two diodBs and D,. The switch@; and the diodeD,
form a buck converter. While, the switepy, and the diodeD; form a boost converter [25]. The voltage in
the two quadrant converter is always positive. While, theemt can flow in both direction as illustrated in
Fig.[2.10. This feature is useful in many applications fatémce in a battery storage systém [17].

10



2.2. Phase leg converter

+
'—
H4Q1 A\ p1
|_
v +

—
||—<| Q2 ZS D2 Vo
—

Fig. 2.9Change of the gate-drain capacitor with the drain-sourttage

N

“Voltage V

>
Current 1

Fig. 2.10voltage-current in two quadrant converter

The switching properties can be investigated by using thasp leg converter. When the power flow
is positive it means that both voltage and current are pesits shown in Fid. 2.10. Thus, the converter
is operating in the first quadrant where only the upper swilerand the lower diodé, are conducting.
The phase leg converter operates as a step-down convesteemMdr, when the output voltage is higher than
the input voltage, the current will change its directiontas power flow does. In this operation mode, the
phase leg converter is acting as a step converter where the lower switepy, and the upper diod®,
will conduct. The equivalent circuit for both operation nesds illustrated in Fid. 2.11(a) and Fig. 2.11(b)
respectively.

* ’ " +— +

(a) buck converter (b) boost converter

Fig. 2.110perating modes of half bridge converter

To implement the phase leg converter, there are many vigdilifes that need to be taken into the ac-
count. An important aspect is the blanking time. Theordticéhe switch is assumed to be ideal. Therefore,

11
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it is possible to consider that the switches in the converder be changed simultaneously. However, in
practice, the switches are not allowed to change simulizsigoin order to prevent a short circuit of the

input voltage. So, a few micro seconds are implemented wbae of the switches are conducting to pre-
vent acting at the same time. This short time is called blagkime [17]. The blanking time introduces a

reduction of the output voltage.

T
Av, = sign(i)%V (2.33)

S

whereT, is the blanking time7’ is the switching time, an¥l’ is the input voltage.

2.3 Drivecircuit

The basic function of the drive circuit is to interface be@nehe logic control circuit and the power semi-
conductor device. The drive circuit must be able to provigdeugh power to switch the device ON or OFF
properly. In the MOSFET device, the drive circuit shouldiagk a constant gate voltage. Thus, the current
shall charge and discharge the depletion region capaeitdming turn-on and turn-off. Any drive circuit
has to achieve several vital aspects such as, minimizingutitehing time to reduce the power dissipation
during the switching transient. Additionally, it has to kebe device ON during the switch-on period and
prevent it from turning-off due to the stray inductance. i&inly, the drive circuit has to keep the device
OFF during the off-state [26]. The drive circuit can alsoyide an electrical isolation between the control
circuit and the power circuit to provide the control circagainst a high fault current.

For any drive circuit, there are three basic functions thaugd be considered [26]. First, whether the
output signal of the drive is unipolar or bipolar is neededkmnow. The advantage of the unipolar drive
circuit is to provide a simple circuit and few componentswdger, the advantage of the bipolar circuit is
that it can turn-on and turn-off the power switch faster.@®elty, the control signal can be coupled directly
to the power circuit, or the control circuit must be eleditig isolated from the power circuit. The third
consideration is if the drive circuit is connected in sedeparallel with the device. The high requirements
on the switching, the more complexity of the drive circuitniseded. In this section two types of drive
circuits will be discussed.

The gate resistor is an important component to control thtekimg behavior of the MOSFET device.
If the amount of the gate current varies, the charging anchdigjing time of the depletion capacitors will
be changed. Thus, the gate resistor has to be designed Iyrf&¥r

As the voltagé/; ¢ increases, the gate voltage rises according to

—t

Vgs = ‘/GG(1 - eXp(iT)) (234)
wherer = Rg(Cys + Cga)
At t = ton, Vgs = Vgs,th
Thus,
*ton
Vgs,th = Vaa(l — exp(— ~ )) (2.35)
Solving [2.35) forR yields

12



2.3. Drive circuit

—1
Rg = o T (2.36)
(Cygs + Cga) In(1 — _{Q/G_Gh)

By changing the gate resistor, the switching timg £, 7 ¢), switching lossesH,,,E, ¢), turn ON/OFF
peak current%, %, voltage spike, EMI noise will be affected [27]. If the ga&sistor is reduced, the gate
currentwill increase. As a result, the switching timg,(t, s ) will be faster. Moreover, the switching losses
(Eon,Eozy) are decreased. However, this causes Iﬁigimd% which produces voltage spikes in the switch
and high EMI noise. However, it is the opposite consequeifitks value of the gate resistor is increased

since the switching time is then increased [27].

2.3.1 Simpleunipolar MOSFET drivecircuit

The drive circuit controls the gate current to switch ON/QRE power device as shown in Fig. 2.12. The
drive circuit needs to increase the gate-source voltagg @bove the threshold voltage. ;) to turn the
device on. While, the drive circuit has to reduce the gatga®voltage below the threshold voltagg.(;1)

to turn it off.

Control * N R2
signal _ o

I—

Fig. 2.12Simple MOSFET drive circuit

The input of the comparator is the control signal. When thegarator is OFF, the gate current is lim-
ited by resistorsR; and R, to achieve fast switching. While, when the comparator is @i, depletion
capacitance will discharge through the resigtgito switch the device OFF. The resisis is an important
component to control the speed of the device switching. dtvevhlue of R, could achieve a faster turn-on
switching, while, a high value of the power dissipation isadbed during a slow turn-off of the device. So,
it is a trade-off between the speed of switching and the paligsipation[[26].

2.3.2 MOSFET driving circuit,quicker switching

To decrease the power dissipation during the ON/OFF swittthe switching time has to be as fast as
possible. Therefore, a totem-pole arrangement is usedye gas problem as shown in Fig.2113. When
the comparator is OFF, the npn transistor of the totem-pongement is turned-on providing a positive
voltage to the MOSFET device to turn it on. While, when the pamator is off, the pnp transistor of the
totem-pole arrangement will turn-on. Thus, the gate willdberted through the gate resisiyr to the
source. In this case there is no trade-off between the spietite switching and the power dissipation.
Therefore, the gate resistor has to have a high value [26].

13
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AT _

Fig. 2.13Half bridge rectifier circuit

24 Electrically isolated drive circuit

There are many methods of isolating the control circuit fritvea MOSFET device. The simplest method
is by using a passive element such as a pulse transformee\éoythere are many limitations in using a
transformer, such as the size of the transformer, trangpsaturation, and magnetizing current. All these
factors will reduce the efficiency[1]. Another method is s®wa screen opto-coupler as shown in [Eig.12.14.

VBB

J- Input to
MOSFET gate

|
|
|
|
y I
Control |
circuit \\ |
|

I L
|

Control circuit Power device
ground ground

Fig. 2.14screen opto-coupler

When a positive signal from the control circuit is appliedtba photo diode terminals, there will be a
current flow in the diode causing the LED to turn-on. Both atphtiode and photo transistor are integrated
in the IC. Thus, the light is falling on the base region of thefo transistor. As a consequence, a significant
number of electron-hole pair is generated. Then, the phatwsistor is turned on [26].

There is a potential difference between the transistorten{ground of the power circuit) and the refer-
ence point of the control circuit. This is due to the turn ORFOof the photo transistor. So, there is a stray
capacitor between the photo diode and the base of the plaotsistor. Therefore, unwanted re-triggering
of the transistor is possible. To avoid this problem, a nietatreen between the photo diode and transistor
should be used as shown in Hig. 2.014]/[26].
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2.5. Losses in MOSFET

25 Lossesin MOSFET
The semiconductor switch needs to perform as close as p@gssibn ideal switch. There are many features
when the semiconductor device operates as an ideal switsoam below:

e Zero rise time and fall time which means that there is no sfiggthtion of the device.

e When the device is in off-state, there is no leakage curiBmerefore, the device has an infinite
off-state resistance.

e Limitation on the amount of current and voltage that the de¢ian carry when it is in the conduction
state (on-state) and in the non-conduction state (oféptaspectively.

e Zero on state voltage and resistance when it is in the commatustate (on-state).

The power loss is zero during the switching and conductiaiogde as shown in Fid. 2.15. As a result,
an ideal switch has 100% efficiency, unlimited power capatifinite operating frequency, and no switch-
ing delay is needed.

VswAN\

Von _

Voff Nt
isw/I\ 4
Ton
TofT N t

N 4

P(t)

N
> t

Fig. 2.15More realistic MOSFET waveforms

While, the practical switch has specific characteristicshemvn below:
¢ Finite rise time and fall time. On the other hand, the deviae & limited switching speed.
¢ Finite on-state and off-state resistor.

¢ Limited amount of the current and voltage when the switch thé on-state and off-state respectively.
Therefore, the device has a specific power handling capacity

¢ Finite forward voltage drop when the device in the on-state.

The losses of the MOSFET device can be divided into two typasduction lossesH.)and switching
losses Ps.,). To evaluate the average switching and conduction poveseks a step down converter with
inductive load is used as in Fig._2.3. The switching currant voltage waveforms of the circuit are vi-
sualised in Fig_2.16. For simplicity, a linear approxiratbdf rising and falling time for both current and
voltage is considered. Moreover, the ripple in the loadeniris neglected as in Fig. 2]16.
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VswA/AN

Voff
Ton

Von

A4

N * ton - - toff

PN Conduction VAN
losses
/
/\ Switching /\

losses

/]
P(®)

Pmax

Fig. 2.16Step-down converter

where
T, turn-on time.
T ¢ turn-off time.
V,n: forward conduction voltage during the conduction state.
Vs s: dc voltage across the switch during the non-conductide sta
1,5 leakage current during the non-conduction state.
Ion: dc current through the switch when it is on.

The conduction losses can be obtained by multiplying thetate voltage by the load current

Pd = ‘/onIo (237)

The switching losses are the losses dissipated duringdhsition from on-state to off-state and vice
versa. Both the current and the voltage are not zero duriaghtl transition periods as it is visualized in
Fig.[2.16. The energy dissipated during one turn ON/OFFopéds given by

Lrv Ly
Eswoff =VI, = % (2.38)
Esw,on =Vi,= % (239)

The switching losses are given by switching frequency rplittation by energy dissipated in the one
switching cycle.

Psw = (Esw,off + Esw,on)fsw (240)

2.6 MOSFET junction temperature

Fig.[2.16 shows theoretical turn ON/OFF switching waveferithe overlapping periods between the volt-
age and the current represents the losses in the switchisTthig to the stray inductance in the conductors.
This stray inductance comes from the placement of the commgisnso they are not physical inductors. The
design of the circuit should be done to minimize the effe¢dheke inductors.

To calculate the junction temperature in the MOSFET, thal fosses must be known. The total losses
are the sum of the conduction losses and switching losses fhie junction temperature can be calculated

16



2.6. MOSFET junction temperature

as

Ptotallosses = Psw + Pcond (241)
Tj - Ta + Ptotallosses X RGja (242)

whereT; is the junction temperaturéd,, is the ambient temperatur&y;, is the junction to ambient
thermal resistor.
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Chapter 3

Case study and ssmulation analysis of
drive circuit

3.1 caseset-up

In this chapter the drive circuit is tested. First, differealues of R and C are used in drive circuit instead
of the MOSFET. Then, the MOSFET is used to analyze the switchharacteristics of the device during
ON and OFF transients.

3.1.1 Power circuit

Fig.[3.2 illustrates the electrical circuit that is usedhistproject to study the drive circuit for one MOS-
FET transistor. The DC voltage is applied by DC voltage setincough the junctioo’2. The range of DC
voltage source is)Xto 10)V when the MOSFET is tested. % battery is connecting through the junction
C1lz2. A 304, 250V fuse is put in series with the DC voltage source to protectM@SFET against a
probable short circuit that might occur. Two low-ohms higiwer resistors((.1(2) are put in the current
path in order to enable us to calculate the current by the adhon’s law. Four parallel capacitors are
connected in the input path to stabilize the DC link voltaggt is applied to the MOSFET device. Each
capacitor is selected t0uF'. Thus, the total capacity of the capacitor banR.ism F' as it is visualized

in Fig.[3.1. Series connection of resistors and ceramicata are connected at the input voltage to filter
out the ripple in the DC link voltage. Both ceramic capadtare used since they operate at high frequency
and works for both polarities; positive and negative.

100 uf —— 100 uf —— 100 uf —L— 100 uf —L—
W0V TN 200V 27 TN 200VTN 200V -~TN\

Fig. 3.1DC link Capacitor bank
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3.1. case set-up

An N-channel FAIRCHILD HUF75639G3 is used as a switch devidds power MOSFET has very
low on-state resistance, capable to withstand high povesigiition, low reverse time recovery, low stored
charge, and high efficiency [23]. Talhile 3.1 shows some ofrtipoitant specifications of this device.

Table 3.1: MOSFET specification

| Part number | Package| Ip,,..(A) | Ras,,(Q) | Q.(TOT)(ns) |
[HUF75639G3| TO-247| 56 | 0021 | 130 |

A VS-40CPQ100PBF Schottky diode is used as a free-wheeiougedas shown in Fig,_3.2. This diode
has a low forward voltage drop, high frequency operation, &ithstand high junction temperatute [30].
Table[3.2 shows some of the important specifications of tioided

Table 3.2: Schottky diode specification

| Partnumber | Ip,, (A) | Ve(V) [ Ve(V) | T |
[40CPQOSOPLF | 40 | 80-100] 0.61 | -55t0 175]

A current stiff load is used to study the turn-on and turniodinsient characteristics. This can be
achieved by connectin)m H in series with10€2 through the junction/1. A small power resistor(25¢2)
is connected between the MOSFET source pin and the groundasure the drain current.

3.1.2 Drivecircuit
The main part of the drive circuit is the isolated, 4 A Duala@hel Gate Driver ADUM3220. This device
has many features such as

1. It provides a digital isolation between the input and tbéat. The digital isolation is provided by
a combination of a high speed CMOS and monolithic transfort@ehnology [[18]. Therefore, no

external protection is required.

2. ADUM3220 has two output channels. But, it provides a sHbaiugh protection to prevent both
channels being on simultaneously.

3. High junction temperature range (-40 to 125)
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Fig.[3.3 illustrates the pin configuration of ADUM3220

VDD1 | 1 8 | VDD2
VIA | 2 7 | VOA
ADUM3220
VIB| 3 6 | VOB
GND1| 4 5 | GND2

Fig. 3.34 A Dual-Channel Gate Driver ADUM3220 pin configuration

Two power supplies are required to operate this device. Tstepiower supply’ D D1 for isolated side
A and the second supply D D2 for the isolated side B. Bypass capacitors are requiredtatdgpply pins
to the ground pins as shown in Hig.13.4. On the first power sup@) D1, a small ceramic capacitot@n F’)
is selected to bypass the high frequendies$ [18]. However]tw F' capacitors are put at the second power
supplyV D D2 to provide the required charge for the MOSFET gate capadite distance between these
capacitors and the supply pins ought not to exceed 20 mm taesithe stray inductance in the switching
path [18].

-]
=]

o
=]

— jonf tomf——  —J10nr

ADUM3220

B
=]

[-]
L]

Fig. 3.4By passing capacitors of 4 A Dual-Channel Gate Driver ADURI32

A three terminal regulatorA78L05C is used to regulate the first power supply) D1 that supply
the5V as is visualized in Fig._35. AOOn F' capacitor is connected on the output terminal to stabiliee t
output voltage abV [29]. In addition to that , tw®V batteries are connected in series through the junction
C'122 as shown in Fid._3]2. A three terminals regulator L78S12Cshiswn in Fig[3.b is used to regulate
the second power supplyDD2 at12V. A 100nF capacitor is connected at the L78S12CV output pin to
stabilize thel’ DD2 at12V. A TTL signal is applied through the junctiarilz4 to the ADUM3220 at the
VIA pin. The output voltage at the pin VOA is tH&; . A gate resistor is connected between the MOSFET
gate pin and the ADUM3220 output pin VOA.
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3.2. Experimental set-up

UA78L0OSC
+ IN ouT +
v E = j0mr SV
- — -
Fig. 3.5uA78LO5C electrical connection
L78812CV
+ IN ouT +
18V GND

C— oonr 12V

Fig. 3.6L78S12CV electrical connection

3.2 Experimental set-up

The measurement is divided in two scenarios. In the firstamdenthe performance of the drive circuit is
tested four times by using different values®€’; circuit. However, the drive circuit is used to study the
switching characteristics of the MOSFET in the second sterEhe gate voltag&, gate-source voltage
Vas, and gate current are investigated in this section. Thegyaitent is recorded by two different methods.
The first method is by using a differential probe on the gasester. However, the gate current is observed
by using a rogowski coil in the second method. Both methods laadelay time which comes from the
measurement instrument but rogowski coil has more delag tiran the differential probe.

3.21 RC setup circuit

Fig.[3.7 shows the gate drive circuit that is used to study#réormance of the drive circuit by connecting
a simple RC circuit.
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Fig. 3.7L78S12CV electrical connection

The path from the output of ADUM3220/;;) to the gate-source voltagg) is affected by the values
of the gate resistorK) and the gate-source capacit6r,(). However, the stray inductance of the drive
circuit is assumed to be small, and as a result it can be rtegl€Z/]. The output response of the network
can be determined according to

Ly (3.1)

T

V(t) = Vo(1 — exp(

In the first test, a low value of the time constafi( = 4.7Q2, Cys = 2.2nf) circuit are selected. The
rise time is obtained according to

) (32)

The rise time is the time required for a signal to increasmfid@to 90% of its final value

V(t) = Vo1 — eap(—)) =

0.1=(1— eacp(—t?l)) 0.9 = (1— emp(—tf)) (3.3)

Solving fort¢; andts gives

t1 = 7(In(10) — In(9)) t; = 71n(10) (3.4
Then

tr =12 —t1 = Tln(9) (35)
wherer = RC. substituting it in[(3.5)

t. =1n(9)7 (3.6)

The rise time of the gate voltag€4) and the gate-source voltage s 35ns and28.25n.s respectively.
As the gate voltage increases, the gate-source voltageaises after a delay and therefore the gate current
flows in positive direction. When the gate-source voltagegigal to the gate voltage (at steady state), there
is no current flowing in the circuit which is shown in Fig, BHowever, in the negative edge of the gate
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3.3. Drive circuit simulation analysis

voltage, the gate-source voltage decreases slowerlfharand therefore a negative gate current flows in
the circuit.

In the second test, a small value of the gate resigter € 1)) and the same gate-source capacitor is
used. During the turn-on, the gate-source voltage inceeasehe gate voltage increases. There is a small
difference betweervge andV,, because of the small voltage drop over the gate resistorhéars in
Fig.[3.9, there is an oscillation in the gate-source voltag it reaches the steady state. As a result, the
gate current also oscillates. There is also an oscillatidiné gate current during the turn-off transient as
shown in Fig[3.p.

In the third test, a high value of the gate-source capacitot £') and the gate resistoRi = 112) are
selected. There is no oscillation in the gate current in Brmétturn-on and turn-off period that is due to the
big capacitor that is selected as shown in Eig. 13.10. Thetirise of the gate voltage and the gate-source
voltage is39.93ns and51.55n.s respectively.

Finally in the fourth test, a high value of the gate resistBy (= 4.792) is selected. However, the
gate-source capacitor remains the same. The voltage drtipeagate resistor is high and therefore a big
difference between the gate voltage and the gate-sourcetintbrning-on and turning-off period occurs
as is visualized in Fig._3.10. The rise time of the gate vatagd the gate-source voltage3is51ns and
133.6ns respectively.

In all the tests above it is observed that there is a delay iimthe gate current measurement if the
rogowski coil is used. This is due to the delay in the eledgraomponents of the rogowski coil.

3.3 Drivecircuit smulation analysis

In this part the drive circuit is modelled by using a SIMPLOR&Eom (ANSOFT Corp.). By implementing
this model make it is possible to simulate the gate voltag&e-gource voltage, and gate current. It is also
possible to observe the change in the switching transiethieofoltage and the current by changing the gate
resistor and/or the gate-source capacitance.

Fig.[3.8 visualizes the drive circuit model which is implemted in SIMPLORER. The gate voltage
(V44)is modelled by using &6 V pulse generator. To simulate the correct rise time of #ite goltage a
basic RC circuit is used. The path from the output of the AD 223 to the gate of the MOSFET creates a
stray inductance. Since this distance is less thtanm, 5nF' is put in series with the gate resist@fn H
is the internal inductance of the gate according to the daats Therefore, it is essential to add this value
to the model to get better simulation results.
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Rsw

Output RC with stray inductances

L_stray1

L_stray2

-

E2 C"

am
AMPL=-6V

1.50hm

-
Caw
= 3nF

L
20nH

Cgs

= 10nF

Fig. 3.8Drive circuit simulation circuit

Fig.[3.11 and Fid._3.12 show both the simulation results aediteasurement results. One can say that
the simulation curves and the measurement curves matclodaahat steady statelV). However, during
the transients there are mismatch between them and thatialply due to error in measurement or error in
modelling of the stray inductance of the drive circuit.
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Chapter 4

Thermal model

Any power electronic components consume electric powercandert it into heat which is another form of
energy[[19]. Heat is produced when the total power dis®pathder a specific load condition comprises the
conduction and switching loss. The junction temperatuteaeling temperature are important parameters
to maintain the lifetime of the device. The junction temperea.is affected by many component parameters.
Thus, the device will be permanently damaged, if the jumdgmnperature exceeds the maximum value. For
hard switching converters, the switch requires to turn ORFQ@t the entire load current which gives high
switching losses due to Iar% and%. As a result, electromagnetic interference (EMI) is praatiSo it

is a trade-off between the EMI behaviour and the optimalrttatbehavior of the device. The percentage
of the total heat that flows out through the MOSFET device igdrtant to know. This importance is due to
that it affects the amount of the current that can be sucalssivitched through the MOSFET. Keeping
a low on-state resistance and better flow of heat away fronjuthetion will ensure the reliability and
performance of the MOSFET as a switch device.

A power semiconductor thermal design is important for aat#é operation. If the temperature rating is
violated, the device safe operating area is reduced. Adit réree device might suddenly fail. The junction
temperature can be calculated by knowing the thermal inpeland the power dissipation of the device.
In a power MOSFET, there are six physical layers that desdhib device heat transfer as is visualized in
Fig.[41.

Tj

Chip

Si substrate

Isolation layer

Solder layer

Base plate

Thermal grease

Te

Fig. 4. 1MOSFET layers

The chip temperature which is caused by power dissipatiothassafe operation area that is limited by
the virtual junction temperature. The term virtual junattemperature is used due to non-homogeneous of
the chip temperature. However, the junction to case theimaédance X'th;jc) of the device is calculated
by the virtual junction temperature by assuming a homogeaseooling of the device [2]. In practice, the
operating junction temperature has to be between the mawiama minimum allowed value of the junction
temperature even in overload situation. The case temper&uhe temperature of the plastic housing
material of the semiconductor device. Usually the case &atpre is less than the junction temperature.
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Chapter 4. Thermal model

Moreover, the heat sink surface temperature can be deddrbiie heat sink temperature. The temperature
of the heat sink rises due to the absorption of the powerpiditisin by the heat sink. To understand the
propagation of heat within the MOSFET device, the heat feanmaechanism needs to be recognized. In
fact, heat is transferred in three different ways: condungtconvection, and radiation. Conduction is 'the
transfer of energy through matter from particle to partid@g]. In a MOSFET, the heat conduction will
take place from the chip junction through solid materialswidver, the other two heat transfer mechanism,
convection and radiation, are more complicated than cdi@ucConvection is 'the transfer of heat by the
actual movement of the warmed matter. For example, heatdethe coffee cup as the currents of steam
and air rise ‘[[3]. In another words, convection takes plabemthere is a temperature difference between
a solid surface and the surrounding gas which is a contaltthét surface of the solid. Convection depends
on the heat transfer area and the temperature difference

(AT)LQS

Pconvection =1.34A 0.25

(dvertical) “-1)
where
Peonvection: heat transfer per second (W).
A: Vertical area of the body?).
AT: temperature difference between the solid surface and@)r (
dyerticar:Vertical height of the body (m) .

The heat sink carries out this propagation of heat from theSFBT device to ambient air. Radiation is
‘electromagnetic waves that directly transport energgulyh space. Sun light is a form of radiation that is
radiated through space without the aid of fluids or solidg). Badiation occurs at high temperature when
the surface receives and emits the radiative heat from tiietsuding

Pradiation = GU(Tﬁ - Tc4) (42)

where
Pyadiation: heat transfer per second (W).
e: emissivity of the object.
o: Boltzmann constant 5.676310 % (—3y=).
T},: absolute temperature of the hot body (K).
T.: absolute temperature of the surrounding (K).

Radiation mechanism is strongly depending orditieorder of the heat. For a large object, the radiation
has to be included in thermal analysis. For simplicity reasa one dimensional heat flow (heat conduction)
is assumed in this project![8].

O*T  ¢p OT
92 = N, Ot (4.3)
where

A¢n: thermal conductivitygom —te1).

c: thermal capacitanc%).

p: density of the materialk(g /m3).

T temperaturek).

A, - coordinate in the direction of heat propagation.

Fig.[4.2 shows the electrical analogy model of a transmishige which is the closest model that can
represent the heat conductionl[22].
@ = C’L’@ +(C'R'+G'L") + Gu ++G'R'u (4.4)
x? ot? ot '
where
C': capacitance per unit Iengtl%().
R’: resistance per unit Iengt%().
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G': transverse conductance per unit leng®v {tm—1).
L': capacitance per unit Iengtl%().

Fig. 4.2 Transmission line

Putting the linear capacitor and resistor to zero we obtain

0%u , -, 0u
- =G'L'— 4.
ox? ¢ ot (4.5)
The transmission line wavé (4.3), depicts all the wave priiggesuch as propagation, reflection, etc,
while, the heat conductiof (4.5) depicts the heat diffugimtess/[0]. An electrical model of the transmis-

sion line is illustrated in Fid. 413

L’ L’

Fig. 4.3Simplified electrical model of the transmission line

By the principle of circuit duality, the above model can Ensformed as shown in Fig. 4.4

R?‘) R'}!

AMA—TMNT— — —

C'J‘J C'J'J

C=

Fig. 4.4 Transformation by the principle of duality

The equation above becomes

&% 1" Oi
o2 =
Thus, the structure of the relationship_(4.6) is similarhattof the heat transfer equatidn (4.3) [9].
Therefore, both the electrical domain and the thermal dorag similar and have the same principles. As
a result, all the principles of electrical circuit analyare applied to the thermal circuit analysis, especially
when it is related to thermal conduction. The through vaeiab an electrical circuit is the current that
flows from one point to another as in Fig. W5 [7]. However, dlgeoss variable in the electrical domain is
the voltage difference between two points which forces tireent flowing between A and B. The across
variable in the thermal circuit is the power which forces thugh variable, heat, to flow from one point

(4.6)
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Chapter 4. Thermal model

to another point as in Fif.4.5. The resistance in both systeas the same principle. So, it is not surprising

that fundamental equation such as 'ohm’s law * of electrittahain also can be applied in thermal domain.
Moreover, the symbols of the electrical circuit can be usetthérmal circuit.

P
— —
A A
R RTH
B B
Electrical Thermal

Fig. 4.5Basic principle of electrical and thermal domain

The equivalence between thermal and electrical quantiiese defined in Table 4.1.

Table 4.1: Definition of physical magnitudes

Electrical Thermal
Description Units Description Units
Electrical potential difference V (volt) Temperature difference T (celsus eller kelvin)
Stored charge C@Q(t) = f(f i(t) dt) Stored heat JQ@1) = f(f p(t) dt)
Electrical current A(i= %) Heat flow W (W = %)
Electrical resistance QR =% Thermal resistance | Lor<S (Rry = )
Conductivity o (0= o Thermal Conductivity (A= 72
Electrical capacitance F Y Thermal capacitance| Y225 (Cpy = £25
ohm’s law AV =IxR ohm’s law AV =P x Rry
uA R TA Rth_
| | | |
—'e P ——Cth

UB
@

B
(b)



d d
S S
£ Ath
o UB / . TB(t)
i(t) PO |
UA TA(t)

© (d)

The thermal capacitance and thermal resistance in the @nalih the electrical transmission line
equivalent circuit are considered as a variables relatéuktanit length as shown in Fig.4.6. Moreover, in
the thermal equivalent circuit, the electrical power seys(t) is stand for as a heat source.

RTHI” RTH2®

P(1) ? |9\|/Tl Lcrnr Lcrtuy
|

ZTH

Fig. 4.6thermal model

However, it is possible to simplify the model by considerearh thermal capacitance and thermal re-
sistance as a resistance and capacitance that is desa@ibimgogeneous volume. Thus, a particular case
can be represented by the segment structure as shown [nFig. 4

RTH1 RTH2

AT AMAT— — —

P(1) 6 J/ﬂ::ﬁm T2 cmno L ctm3

Fig. 4.7 Thermal segmented model of a real case

It is essential to know the differences between the eletdtend thermal domains to avoid some mis-
understandings. The first difference between these two ohagthat the lumped circuit elements such as
capacitors, resistors, inductors, etc. are allowed to lkd irsthe electrical circuit analysis. That is due to
the fact that the current path is defined by the current. WAsstbe heat flow is diffusing by one of the three
heat transport mechanism from the heat source. Howevehénmal lumped components such as thermal
resistance and capacitance are used for thermal analygjsv8 should remember that many assumptions
are made for simplification purposes.The second differemnitet the isolating devices in electrical models
are not required. However, it is important to include it ire thermal model to obtain a proper thermal
model. The third difference is that the measuring tools efttiermal circuit and electrical circuit are shown
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Chapter 4. Thermal model

in Table[4.2[[7].

Table 4.2: Test and evaluation tools in electrical mode ardmal mode

Electrical domain

Thermal domain

Wattmeter

Oscilloscope

\oltage probe

Heat flux meter

Infrared cameral

Thermocouple

4.1 Effectivethermal impedance

411 Manufacturer’'sdata

Understanding the transient behavior of the thermal resparill help the designer to select the adequate
heatsink[[7]. Most electronics manufacturers provide btegrhal parameters needed. For instance, the ther-
mal resistance of the HUF75639G3 that is used in this prigegttown in Tablé4]3.

Table 4.3: Thermal resistances

Parameter Symbol | Test conditions| MIN | TYP | MAX || Units
Thermal resistance junctionto case Rry,, TO-247 - - 0.74 TC
Thermal resistance junction to ambientRz g, TO-247 - - 30 70

The thermal impedance consists of a combination of theresgtance and thermal capacitance from
junction to case of the semiconductor device. For a pulse, taa it is customary in practice, the manufac-
turer provides a graph showing the thermal impeddfigét) relative to the actual frequency and the duty
cycle of the pulse train rectangular power dissipation sndbmponent as is visualized in Hig.14.8. On this
curve we can see that for pulsgshigher thanl00ms, the value of the thermal impedance tends to be equal
to the value of the thermal resistance.

ZTH — Rty
74, >100ms 7e

T - .
.IE.
N'_ -1
3 107 :
()
c i
[ i
ke]
g
£ —D=0.01
3 1072 —D=0.02| |
% E ——D=0.05| ]
£ —D=01 | ]
—D=02 | ]
D=0.5
10_376 ‘ HHH“* ‘ HHH“* ‘ ““““73 ‘ ‘HHH‘*Z ‘ ‘HHH‘*l ‘ HHH“O " 1
10 107 10 10 10 10 10 10

Time (tp)

Fig. 4.8 Effective thermal impedance using only one thermal timestaomt
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4.1. Effective thermal impedance

Fig.[4.9 shows the simplified thermal model used by MOSFETufaaturers

Junction RTHje Case

P(t) 6 Tj CTHjc

A4

Fig. 4.9Equivalent electrical model of the thermal system of a pavegnponent

4.1.2 Mathematical relationship

It should be noted that the temperature (T) is defined as aedse in temperature from a reference temper-
atureT,.r.The equivalent thermal impedance value depends on thenimea the heat source (P) is active
and on the pulse train duty cycle.

P(W) N
N
7t
Tj-Tcase/ N Lo
| I I
T max +
T avg I—
T min :
N
7 1

Fig. 4.10Thermal response to a pulse train of heat

During the timet,,, the occurrence of power pulses, temperature, heat sodebelieves according to
the relationship

t t
_— 4.7
Rro,oCra,e Rro,oCra,e ) (@.7)

During the absence of a heat source, the temperature desr@esording to the relationship

T(t) = PRru,. (1 — EXP(- )) + Thin EX P(—

T(t) = TmamEXP(—m) (4.8)
JC JC
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The maximum and minimum temperature can be found

t t
Tae = T (to+1tp) = PRru,. (1 — EXP(— P )) +Tmin EXP(— P ) (4.9)
Rru,eCra,e Rry,.Cru,e
T, —tp
Tonin =T (to + Tp) = Tinaa EXP(— (4.10)
Rru,cCra,e
1-D
Tonin = TmazEXP(_ tp( ) (411)
DRru,cCrae
whereD = ;—"
Solving
1— EXP(—p—2—)
Toas = PRy LR LA (4.12)
1= EXP(~ppr o)
1 - EXP(—gtt——) 1-D
Trnin = PRTHJC RTHJC;SPCTHJC EXP(_# (4.13)
17EXP(*W) TH;c“YTH;c
If a duty cycleD = 1, the heat source (p) is constant
Tmaw = Tmaw = PRTH]C (414)
The average temperature of the heat source is defined as
TTJ
1
Taz = — /T(t) dt (4.15)
TP
0
After some calculations
T = DPRry,. (4.16)
The definition of the thermal impedance is given by the folfayrelationship
Tz = PZrm,. (4.17)
then
1- EXP(—p—2—)
ZTHJC = RTHJC 1 EXP( THJCtp —ic ) (4.18)

- DRrH;cCrH o

The effective thermal impedance junction to case dependleduration of conductiort,() and the
duty cycle. This relationship can be illustrated by the drapFig.[4.8.

4.2 Thermal model development

421 General

Thermal modelling of a component is a complex operationlinig finite element analysis. Such an ap-
proach is not realistic in most cases. Manufacturers camgivent this problem by proposing values of
thermal resistances and thermal capacitances by segmémtirvolume of the component into several sig-
nificant parts.
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4.2. Thermal model development

4.2.2 Segment structure of thermal model
Assumption and constraints

The practice shows that the segmentation of the semicomdsirticture into partial volumes is not vital
when the following features are considered:

1. The thickness and the succession of layers should be rtlsoghat the thermal time constamt£
RC) goes in ascending in the direction of heat propagation. tebeesult is obtained for a growth
time constant by factor 2-8 between two layeis [9].

2. If the silicon surface where heat is generated is smdii@n the cross section of the conducting
material, the effect of lateral diffusion occurs. Pracsbews that heat propagation in homogeneous
layer can be described by an angle of expansion-(40°). There is one restriction if a layer has a
low thermal conductivity (cumulative effect)|[9].

RTHI1

RTH2

RTH3

RTH4

RTH6

Te

Fig. 4.11Thermal model of a power MOSFET structure

3. Dimensions and thermal characteristics of each volumment traversed by the heat flux must be
determined precisely. This is since if a short duration pavigsipation pulses occur, the heat capacity
of these layers has a major influence on the thermal impedsrbe system. The equivalent circuit
shows that the thermal capacitance of this volume alwaysaspn parallel to the flow of heat|[9].

In power MOSFETS, the epitaxial layer and the array of thetayare corresponding to the heat
source. For complex geometries, the thermal model is oriygh®ughly estimated. In this case, it

may be necessary to use a finite element analysis in ordempimira the accuracy. It is also possible
for a component, which is provided at least in the form of agygpe, to change the values of the

equivalent circuit based on a measurement and comparigba pfofile of junction temperature. The

practical procedure is to heat the component with a speaifieep dissipation Pp) until it reaches

a stationary junction temperatur€;(). In principle, knowledge of the temperature is given by an
indirect measurement. Indeed, the temperature dependésegeral parameters of the component
is known. Usually the measuring voltage drdg-§ of an integrated diode into the structure. By
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Chapter 4. Thermal model

removing the power dissipation (heat source), it is possiblplot the cooling curvd’;(t). The
transient thermal impedance is

Tj — T5(t)

Zrg(t) = 2 2 (4.19)
The transient thermal impedance contains the full desoripf the system thermal behavior. As a
fist approximation, the system can be considered as linelmgsas the temperature dependence
of the specific materials is ignored. Once the transientéimpedance known, it is possible to
determine the junction temperatufgy{ for any power dissipation profile.

t
Ti(t) = To + / p(r)dZru(t —7)dr (4.20)
0

whereT, is the initial temperaturelZr g (¢) is the derivative with respect to time 6f(4]19). Differéait
of the step response of the thermal impedance (impulsemesps not directly measurable’ .

To be able to use the results of a measuring thermal simnldties necessary to find an equivalent
electrical network whose step response describes thedratisermal impedancgrg (t). If only the
profile of the junction temperaturé’) is of interest, there is an unlimited number of electricpiie-
alent networks to describe the cooling curve with an act®#gtaccuracy. There are two prevailing
topologies:

(a) Fractional equivalent circuit

40

The first connection is called Fractional equivalent cirasifoster thermal equivalent circuit. Each
layer in the MOSFET is represented by RC pairs. The therngddatance is connected in parallel to
the thermal resistance as shown in [Fig. %.12 . By applyingwloeport analysis, the transfer function
for this simple RC circuit is

H(S) = ; — 2(8) = G:CS (4.21)
| L€
|
R

Fig. 4.12Basic RC circuit

The cascade network is illustrated in Fig. 4.13. The originaf this system has a simple mathematical
form where the step response thermal impedance is given by

1 1 1
= + ot
Gru, +SCru,  Gru, +SCru, Gru, + SCru,

Zru(S) (4.22)



(b)

4.2. Thermal model development

TJ RTHI RTH2 RTH3 RTHn
— AN,/ DI/\I/\J NMNT— — —
P Ié CTHI CTH2 CTH3 CTHn X
ZTH

Fig. 4.13Foster thermal equivalent circuit

This property simplifies the determination of the valuesheféquivalent circuit diagram and calculates
its step response. This explains the popularity of this\edent network. Therefore, this technique is
supplied by most of data she€ts [4].

This network must be considered as a 'black box ‘. So, it issflbs to correctly describe the curve of

the junction temperature at the input terminal of the blagk. bHowever, the internal nodal voltage of

the equivalent circuit cannot describe the real tempegatistribution. Moreover, the internal network

structure has no physical meaning. Therefore, it is imppdsgb access the network at point X to

extend (such as with the thermal equivalent circuit of had€)sIn this case, the entire system has to
be measured. Then, all the values of thermal resistancesaguaditances need to be recalculated [9].

This assertion can be removed as follows. Open node X toae e equivalent circuit of a heat sink as
a couple ofRry, Cry and assume a temperature sté€p @t the input node. Immediately at the output
of this network, this temperature step would appear in difiated form. This is due to the capacitor
of the network (capacitive divider) which is physically iogsible. However, in reality, the storage en-
ergy in the thermal capacitor depends on the volume elenibsolate temperature. In this network, the
stored energy is proportional to the difference betweeneades. As a result, if the thermal description
extension is needed, this network equivalent circuit isuitable to use it in the simulation modEl [9].

Natural equivalent circuit

The circuit of heat conduction is called natural equivaldrtuit or Cauer thermal equivalent circuit
which is derived from the theory of the transmission lineBe Thermal capacitance is connected in
the node between two thermal resistances and the refereimteap shown in Fid. 4.15. The reference
temperature in the thermal circuit is selected to be zeraeglgher, the ambient temperature is modeled
as a temperature source. This network describes only theeterture distribution between equivalent
elements and the physical elements (Chip, si substratéatitsolayer, Solder layer, Base plate, Ther-
mal grease, etc) correctly|[4]. The transfer function fag tasic element of the Cauer network (see
Fig.[413)is

(4.23)

Fig. 4.14Basic thermal RC circuit
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For a cascade Cauer network as illustrated in[Eig.]4.15ntpedance is

1
Zra(S) = 4.24
TH(S) SCr, + ——— T (4.24)
GrH, SCppy+—T —
GTH2+SCTH3+~»+ I
GrH,
Tcase External heatsink
AR
P@) 6 == CTHI == CTH2 ——= CTHn | —L ca (:)Tambient

Fig. 4. 15MOSFET Cauer network
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Temperature measurement

5.1 Temperature measurement

A resistance-temperature detectfI(D) 'is a temperature sensing device whose resistance iresedth
temperature ‘[[12]. In industrial application, there aresthtypes ofRT' D sensors constructions can be
used; coil , thin film , and wirewound.

Different metals can be used for the constructio®@fD sensors such as Platinum, Copper, or Nickel.
However, Platinum is the most populBf" D sensor. This is due to that the Platinum has relatively tinea
resistance-temperature curve over a wide temperature rvigile, Copper and NickdtZ D have a limited
temperature range. To define the resistance-temperatationship, the Callendar-Van Dusen equation is
commonly used [21].

Ry = R,[1 + At + Bt* + C(1 — 100)#?] (5.1)

where
R:: RT D resistance at temperature (T).
R,: RT D resistance at 0C.
A, B, C: Callendar-Van dusen coefficients.
t: temperature°C).

The constant C is zero aboveé Q. Solving [5.1) fort we get

 —R,x A+ /((R, x A2 —4x Bx (R, — R))
B 2x R, x B

Another important parameter is the resistance-temperatefficient which is described as [6].

t (5.2)

_ Rigo — R,
100R,

Based on the international practical scales, the PlatiRifd can be represented by one of three stan-
dardized curves as shown in Tablel%.1/[21]- [10].

(5.3)

Table 5.1: Callendar-Van Dusen constants

Standard | Temperature coefficient A (C~1) B(C~?) C(C™3)

DIN 43760 | 0.003850 3.908 x 1073 | —5.8019 x 10~7 | —4.2735 x 10~ 12
American | 0.003911 3.9692 x 1073 | —5.8495 x 1077 | —4.2325 x 10712
ITS 0.003926 3.9848 x 1073 | —5.870 x 10~7 | —4.0000 x 1012
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Chapter 5. Temperature measurement

A typical resistance-temperature curve for a PT1000 el¢imeshown in FigL511, where = 0.003850
and the PT1000 resistance at@is 10002.

350

3000~

2500

2000

Resistance[Ohm]

1500~

1000-

50 1 1 1
0 100 200

| |
300 400 500 600
Temperatur [Celsius]

Fig. 5.1 Typical characteristics of a PT1000 element

5.2 RTD measurement circuit

To measure the resistance of the PT1000 element, a knowentisrpassing through it. Then the voltage
across the device is measured. Thus, the resistance of th@0OBElement can be computed by knowing
both the current and voltage. Then, this resistance is usddrhperature calculation.

A Wheatstone bridge is another method to calculate thetaesis of aR7' D. The Wheatstone bridge
consists of four resistors as shown in Kig.]5.2. Three of theerfixed resistors. However, the fourth is a
variable resistor. A constant volta§g, is applied to Wheatstone bridde [13].

1
R R
Vs T—— :EVoutput
R RTD
-

Fig. 5.2Wheatstone bridge circuit

RTD R
Vouu:V_Va:VYin _Vvi_ 5.4
tout = 7 R+ RTD 2R (®-4)
Vi RTD R

- T[R+ RTD R+RTD] (5.5)

Therefore, any variation in the PT1000 resistance resultgiation in theV, .. of the Wheatstone
bridge as shown in Fi¢. 5.3.
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outpulVOIt]

\%
I
=

1 1 1 1 1
0 1000 2000 3000 4000 5000
PT1000 resistance[Ohm]

Fig. 5.3Voltage versus temperature

A simple temperature measurement circuit is designed smitdject. The overall temperature measure-
ment system is presented in Hig.15.4.

Wheatstone Differential Low pass filter 3 Computer
bridge amplifier
I ———————————————————————— -
Computer
Lab View MATLAB
ADC N code code

—_——— e e m— —
~
™

Fig. 5.4Voltage versus temperature

The inputto the system is a PT1000 device. AQQ) the output voltage of Wheatstone bridge is designed
to be zero. The PT1000 converts the change of the temperatiaeaesistance change. Therefore, the
Wheatstone bridge becomes unbalance due to this resisthacge. As a result the output voltage of
the Wheatstone bridge will deviate from zero. Generallig thange in the output voltage is small. So, a
differential amplifier with a specific gain is used to incredke output voltage level. A simplBC' low
pass filter to eliminate the possible interference on thelifisoutput whose frequencies above the cut-off
frequency of the low pass filter as shown in Fig]5.5 will beduse
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R

—\VW

Vin Vo

Fig. 5.5Passive low pass filter

The transfer function of the low pass filter is described by

Vo(S)

H(S) = 5.6
()= 75 (5.6)
The Laplace domain description for the RC filer transfer fiomcis
H(S) = —LC (5.7)
S+ 55
where, S is a complex number.
For sinusoidal signals, S can be approximately equal ta (jw)
By substituting[[5.B) in[(5]7) we get
L
H(S) = —B<— (5.9)

S jw+ A
wherej is complex coefficient, and is radian frequency (rad/sec). Then the numerator is justh r
part. While, the denominator is a complex number. Findirg tagnitude, the numerator is just a real

number. However, to find the magnitude of the denominaterstandard process is followed by taking the
square root of the summation of squaring both real and t inzaygipart .

H(juw)| = ——FE (5.10)
W+ ()

This equation is described the low pass filter because

e If w = 0 which is basically a DC input, The amplitude is equal to 1.
e If w = oo which means a high frequency signal, The magnitude will bezaero.

o If w= % which is called the cut-off frequency, the magnitude desesay -3db or goes to 0.707
point.

In another word, this transfer function passes low freqiesnand rejects high frequencies. The corre-
sponding phase shift angle of the low pass filter can be aédedgcording to

. 1, W
ZH(jw) = —tan (ﬁ)
A Lab view program is used to enable the user to plot the vadfitise temperature over the time on
a waveform chart. Moreover, it shows the final values of timepterature and the output voltage from the
measurement board . The Lab view code is designed to stopge¢hmus values. Therefore, the user can
see the change of the temperature over the time.

(5.11)
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5.3 Temperature measurement case set-up
A platinum-chip temperature sensor (PCA style PT1000) iscsed to measure the temperature of the

MOSFET device since it has fast response and linear chaistitte. Tabld 5.2 illustrates some specifica-
tions of the PT1000 device.

Table 5.2: PT1000 specification

‘ Type ‘ Inaccuracy‘ Temperature coeﬁicien’t Measuring range* Resistance rang# Dimension L*W*H ‘

| PT1000| KiassA | 3.850x 10%(°C~") | (70t0600)(C) | 20-5000¢) | 5x 1.5 1(mm) |

The deviation limit of class A PT1000 is defined according to

AT = £(0.15+ 0.002 x T) (5.12)

For instance, the measurement tolerance®&@ @&mperature is-0.15°C . However, the tolerance at
100°C is +0.75°C.

The Wheatstone bridge which is visualized in [Eig] 5.2 is ihedal only if the values of the resistors are
equal according td (3.5). As mentioned above, the Wheatdtoige is designed to be balanced 2E0
Thus, the values of the resistors (R) is selected tolB80?2). Since the value of the PT1000 element is
10002 at ®C. The input voltage of the Wheatstone bridggWs From the PT1000 specifications, the resis-
tance range of the PT1000 elemen{ds — 5000)2. Therefore, the output voltage of the Wheatstone bridge
is negative if the PT1000 resistance valae € RTD < 0){2. However, the output voltage is positive if
the resistance of the PT1000 is in the rangel( RT'D < 5000)S2. In another word, the negative voltage
implies a negative temperature is measured but the posititput voltage means a positive temperature is
measured.

An accurate and low noise instrumentation amplifier INA128 heen chosen for the purpose is shown

in Fig.[5.8.

R7 @
|
] )
RG C1
: -
1 2
-1RG RG[
—{Vin- V+| 0.1uF R12
—{Vin+ Vofz 1'_||_|2 '5_ o
= V- Reffe 1k 5 b+
INA122PA < T

Fig. 5.6 I N A122 pin configuration and connection

The device is operated with5” dc power supply. To keep the power supply voltage stabiliaéd! ;:.F
is connecting to ground. The output voltalgeis the difference between the two inplifs + andV;,,_ with
a specific gain [15].

Vo= (V;n-ﬁ— - V;n—)G (513)

whereV;,, is the input voltage at pin 3/, — is the input voltage at pin 27 is the gain of instrumen-
tation amplifier. The voltage level from the Wheatstone @peics amplified by an instrumentation amplifier
when the voltage from the bridge is in the mV range, and ttgsires a high resolution for accurate A/ D
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conversion. This amplifier has a gain levéf)(which is determined by the value of the external resigtar
according to the following equation

200K
R
where, the00k£(2 is the internal resistor of INA122. The gain that can be ot®diis varied fron’ to 20
as shown in Table 5.4 . In the practical measurement cirtigitlNA122 with gairb is selected. Therefore,
the external resistaR is not connected.

G=5+ (5.14)

Table 5.3: The gain of instrumentation amplifier for diffieté values

Desired Gain‘ R (92) ‘

5 NC
10 40K
20 13.33K
50 4444
1000 201
10000 20

The value of R and C of low pass filter is select@d00f2, 0.47mF). Thus, the cut-off frequency. Hz
is obtained according t6 (5.116).

We = % = 2127.66rad/sec (5.15)
fe= 5 RO 338.63H= (5.16)

Fig.[5.7 and Fid. 518 shows the Matlab Simulation for low [fites.

A 1
. .
| U 0.000475+1

vi Scope
LPF Transfer Fcn

Fig. 5.7 Step-down converter
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Bode Diagram

Magnitude (dB)

Phase (deg)

Frequency (rad/sec)

Fig. 5.8 Step-down converter

Table[5.4 visualizes the temperature and the voltages fierelint values of the PT1000 resistance.

Table 5.4: Practical measurement

| RTD(Q) | Voutput(bridge) | Voutpu: (instrumentation amplifier] Vou:put(L.P.F) | Temperature®C) |

1079 0.096 0.49 0.49 20.3
1118 0.141 0.704 0.704 30.4
1308 0.332 1.68 1.68 79.7

54 Printed circuit Board

The PCB is used to connect the electrical components alalljriby using copper traces on an isolated
layer. The PCB is usually glued on the substrate to proteottipper from the oxidizing. To arrange a PCB
design requires a lot of knowledge about layout design. i phoject a two layer PCB is designed for
temperature measurement. The top layer is selected forotigve supply voltage and the bottom layer is
selected for the ground. Many copper traces across the RDBtfre top layer to the bottom layer is made
by drill holes which may create a stray inductance.

Target 3001 is a CAD software which is used to convert a scliermmiacuit to a PCB layout. This soft-
ware is provided in Germany by the IBF company. The softwaogigdes schematic blocks and the actual
size of many component in the library. However, if the comgruris not available in the library, the user
has to create the schematic block and figure out the actiab$ithis component. In the schematic layer,
all the components are put in their desired positions and¢@neected by the copper traces. The color of
the connecting copper line is green if the connection isemrotherwise the color of the connection line is
cyan if the line is unconnected.

When the design is completed, the user goes from the schetodtie PCB viewer. In the PCB view,

the components are put on the correct positions, the widtheotopper traces are fixed according to the
currents that are passing through these copper traceshamtiimeter and the thickness of the drill holes
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are specified. The size of the PCB % (25 x 137.43)mm.The 3D PCB designed is visualized in Hig. 5.10.

Fig.[5.9 shows the circuit configuration of five channels Wwhgused to measure the temperature. The
input voltage to the PCB is applied througt9a battery. A three terminal regulatorA78L00) is used
to regulate the voltage t.932V. Three capacitorsd(33nF’, 10nF,100uF' ) are placed on the regulator
output to smooth the dc link voltage.
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Chapter 5. Temperature measurement
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5.5. Lab view

55 Labview

In this work, two measurement circuits are used. The volsagrgal from each channel in the measuring cir-
cuit is connected to a control panel via a coaxial cable whri¢hrn is connected to an ADC of a computer.
To save the continuous change of the voltage of each chaneetle time, a Lab view software is used as
it is visualized in Fig[5.13 . The LAB VIEW program is desighas a while-loop that for each iteration
obtains 1,000 samples from each channel. A mean functidreiptogram is used to average these samples
and then write them to a text file withcolumns, one column for each channel as shown in[Fig] 5.11.

Fig.[5.12 shows the control panel of the Lab view program iictvthe last mean voltage value of each
channel is given. The sampling frequency is selected to H¥)Gvhich means that each iteration in the
while loop is one second. When the desired time is reachedsttp button in the control panel is pressed
to interrupt the while-loop and stop the program.

CHD CH1 CH2 CH3 CH4 CHS CHE CHT
0.576165 0.565332 0.559326 0.580979 0.573459 0.566484 0.564116 0.559536
0.576138 0.565303 0.555309 0.580857 0.573425 0.566428 0.563304 0.558507
0.576152 0.565388 0.559397 0.581003 0.573430 0.566406 0.563850 0.559585
0.576104 0.565435 0.559438 0.580845 0.573384 0.566426 0.564004 0.559530
0.576108 0.565383 0.559536 0.581033 0.573374 0.566533 0.563958 0.559535
0.576035 0.565398 0.559673 0.580959 0.573376 0.566567 0.563979 0.559646
0.57611l6 0.565461 0.559673 0.5803850 0.573523 0.566445 0.563365 0.559792
0.576123 0.565161 0.559678 0.580928 0.573457 0.566543 0.563984 0.559812
0.576123 0.565085 0.559600 0.5810689 0.573488 0.566531 0.563950 0.559653
0.576106 0.565105 0.559685 0.580999 0.573579 0.566475 0.563962 0.559824
0.576147 0.565229 0.559795 0.581013 0.573352 0.566514 0.563933 0.559737
0.576140 0.565337 0.559680 0.581016 0.573477 0.566475 0.563336 0.55991z2
0.576116 0.565361 0.559780 0.581084 0.573547 0.566631 0.563999 0.559932
0.576150 0.565457 0.559863 0.580972 0.573542 0.566582 0.564087 0.560210
0.576165 0.565625 0.559302 0.580942 0.573508 0.566587 0.564033 0.559917
0.576169 0.565898 0.560115 0.581018 0.573511 0.566729 0.564182 0.560186
0.576140 0.56536%9 0.560022 0.581033 0.573518 0.566636 0.564063 0.560168
0.576152 0.566013 0.560122 0.581045 0.573606 0.566758 0.564080 0.560122
0.576167 0.566096 0.560034 0.581001 0.573643 0.566588 0.564041 0.560158
0.576157 0.566033 0.560012 0.580996 0.573608 0.566689 0.564060 0.560085
0.576189 0.565986 0.560015 0.580959 0.573621 0.566655 0.564050 0.560266
0.576050 0.566106 0.560186 0.5803986 0.573643 0.566748 0.564070 0.560208

Fig. 5.11Example of 22 samples of 8 channels
Alla sample
Save all =

" Ch\Users\Lab'\Desktoptlbra temp2\matlab\testrmatning.lvm

Save the last mean value

mean array
[orF ] o

057605 |[0,566106  |[0,560186 |

0580986  [0,573643  |[0,566748 |

056407 |[0,560208 ||

G mean 0 mean 1 mean 2 mean 3 mean 4 mean 5 mean b mean 7
10,5760 05661 |0,5602 10,5810 10,5736 10,5667 10,5641 10,5602
ut fran PCB

j|n,5:f&1?2 10566406 0550082  |0,581055  0,57373 10563965 0566406  0,559082

Fig. 5.12Control panel of Lab view
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5.6. Calibration

All collected data from Lab view must now be treated mathéra#y to derive a temperature. Ideally,
two steps are used to determine the temperature:

Stepl The resistance of the PT1000 element is calculating aaegtdithe following equation.

Vehannel
4.933%5 + 0.5

_ Venannet
0.5 4.933%5

Rpr100 = (5.17)

The collected data of each channel has to be divide@ Which is the gain of the instrumentation am-
plifier.

Step2  After knowing the resistance of the thermometer, the teatpee can be calculated according
to

—a+ \/@2 _ (4 X b x (1 _ RPTlUUU))

1000
2xb

Tpr100 = (5.18)

a and b are selected according to Tablé 5.1

a=3.9081073.
b=-5.8019<10"".

The equations ibtepl andStep2 are easily be implemented in MATLAB to obtain the ideal temape
ture over time curve. Fig. 5.1 illustrates that the PT10G(0stance increases linearly with the temperature.
This means, for instance that, all wires have zero integstance, all the resistors which are used in the
measurement circuit board até0% identical, and all the components are ideal. But this is hetdase
since the results from the measurement circuit is far fravedr due to non-negligible differences between
the channels. In order to obtain reliable results, the PUHEMment must be calibrated against a reference
temperature. This process is described in Bet. 5.6.

5.6 Calibration

The calibration is a comparison between the theoreticaltesf the device and the results from the device
under the test. When all the PT1000 resistance are placeghificam known temperature, different voltage
levels are recorded in each channel for the various difteéemperature. This indicates that the circuit has
characteristics that are far from the ideal case which isriteed in the previous section. Therefore, this
theory can not be used to measure the voltage. As a resufysiem must be calibrated to obtain the most
exact measurement. The voltage from each channel must Istereg for different temperatures. Then,
a mathematical temperature functiéh & f(v)) curve in Matlab is adapted to these points. An external
thermometer with an uncertainty of measuremerii.6°C). To ensure that the reference temperature and
the sensors are in the same ambient temperature, an enenbmith absolutely homogeneous temperature
should be created. This is achieved by putting all the PTHa0Bors and the external temperature sensor
together in a Thermos filled with water. Boiled water is palirdo the Thermos. Aftes minutes, when the
temperature has stabilized, the voltage levels of all chrand the external thermometer temperature are
registered. By pouring in a small amount of cold water, istiyiin the Thermos, an extended temperature
range can be obtained. As the temperature stabilizes againyoltage levels and the current temperature
of the external thermometer is recorded again. This prosaesgpeated for the range @6 — 95°C. The
temperature references are chosen arbitrarily over theunement interval.

Fig.[5.12 shows the difference between the theoretical éeatpre against the voltage which is obtained
by implementing[(5.17) and (5.118) in MATLAB and the otherlig tcurve fitting of the data points for one
channel of the measurement circuit. The curve fitting is drawMatlab by forming two vectors, one for
the temperature of the thermometer and the other for thag®elevels of each channel. Then, a quadratic
function is used to create the temperature against thegeltarve since it matches the calibration points
properly. Therefore, each channel in the measuring cit@astan associated temperature function which is
only valid for that channel.
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Fig. 5.14Temperature VS. voltage comparison of ideal and fitting eurv
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Chapter 6

Experimental set-up and simulation
analysis

6.1 Experimental set-up

In this section, three different tests are performed to meathe case temperature, heat sink temperature,
ambient temperature. Then the junction temperature isulzdbd, estimated, and plotted versus the drain
current.

In this work, the power dissipation is dominated by pure eanidn losses which are caused by the drain
current and the on-state resistance of the MOSFET. The et@fribe on-state resistance and the amount of
heat that flows out of the MOSFET device affect the amount ol which can be switched successfully
by the device. There is no switching loss included in thisegikpent because it is difficult to read the on-
state value accurately during the switching transient.t€hecircuit that is used in the experiment is shown
in Fig.[6.1.

Ammeter

(1)
U

—< (V) Voltmeter

4 ves )

Fig. 6.1 Circuit arrangement for temperature measurement

The circuit consists of two voltage sources. The first vategconnected between the gate and source
of the device and it is selected to be higher than the thresfalage ¥/, ) to keep the MOSFET on. The
second voltage source acts as a current source. This isausetlthe drain current that flows in MOSFET
in order to heat up the device. Heat sink and case temperadweeto be stabilized. Therefore, the drain
current is driven continuously for (60 minutes).
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Chapter 6. Experimental set-up and simulation analysis

The drain-source voltage and the drain current are mea$yreding an accurate voltmeter with sub-
mill volt and ammeter with sub-milliamp respectively aswhan Fig.[6.1. The power dissipation is calcu-
lated by multiplying the drain-source voltage by the drairrent.

Py =1V, (T}) (6.1)

The drain -source voltage depends on the junction temperaks it is mentioned above only the DC
operation mode is tested, therefore, the drain-sourcagelis recorded at the steady state (after 60 min-
utes). The internal temperature of MOSFET rises due to tinepdissipation that flows out of the device.
This heat is affected both the performance and reliabifithe MOSFET[19]. The junction temperature is
calculated by using the following equation

Tj = Py(Rru, + Rra,, + Rrm,,) + Tambient (6.2)

where(Rrp;,, is the junction to case thermal resistanBe,y,, is the case to heat sink thermal resis-
tance(Rrn., is the heat sink to ambient thermal resistance, Bighi..: is the ambient temperature.

6.2 Simulation analysisusing PLECS

Comparing the simulation results with the measurementtseebtained from the experiment is the best
way to validate our thermal model. A one dimensional theraogiivalent circuit is modeled. However, the
heat transfer by radiation is not included in the simulafmrsimplicity. The radiation power dissipation is

such a small object is low that can be neglected safely. Blilshows the radiation power dissipation for
both heat sinks which are used in this project.

Table 6.1: Radiation power dissipation

Small heat sink (test 1) Big heat sink (test 2)
Theatsink | Tambient | Pradiation | Theatsink | Tambient | Pradiation
35.31 28.23 0.000171068 30.55 28.95 0.00607308
41.82 29.06 0.000436424 33.28 29.64 0.00163811
50.14 29.77 0.001029842 35.76 29.65 | 0.003105783
65.75 32.14 0.003278806 41.09 30.24 | 0.007254456
82.4 31.19 0.008401671 45.23 31.06 | 0.011719988

PLECS(symbole) is the Simulink program that is used for nindeour thermal network. PLECS
(Piecewise Linear Electrical Circuit Simulation) is a Siimli toolbox for system-level simulations of elec-
trical circuits developed by Plexim [14] . This program issidged for power electronics systems. The
advantage of PLECS is the high-speed simulation of the pelestronics networks. Both electrical and
thermal circuit is modeled as it is visualized in Hig.16.2 €Tdate-source voltage is set16l. However,
the DC current source is connected to the drain. The powsipdion is calculated by using a multipli-
cation math tool box for both the drain current and drainrsewoltage. The error between the simulated
drain-source voltage and the measurement is too small ist88% so does the power dissipation which
indicates that the electrical circuit is simulated coryedthe interface between the electrical circuit and the
thermal model is done by the heat sink as shown in[Eig. 6.2.
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Fig. 6.2Electrical and thermal simulation model
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Chapter 6. Experimental set-up and simulation analysis

To model the thermal network, the MOSFET thermal descriptias to be separated from the electrical
data sheet. The thermal editor dialog is used to create @hthedhermal data sheet as shown in [Eig] 6.3.
The turn-on and turn-off switching losses are not includethe simulation. Therefore, all these values are
set to zero. However, the conduction loss has to be created.

Manufacturer: Part number: Type:
HUF ¥5633G3 MOSFET with Diode
Turn-onless | Turn-off loss Conduction loss I Therm, impedance I Comment
1 Legend:
— 25 o
— 100
0.75
val] 03
0.25
1}
fs [A]
T4 BA oA 104 1124 13.4A
25° 0127 v 0147 v 0.169 v 0192V 0.22v 0.28V
160 ° 0.254 ¥ 0.294 0338V 0380V D44V 056V
= = - ol

Fig. 6.3MOSFET thermal description in PLECS

The conduction loss is defined by using a 2D lookup-table. diaé-source voltage is a function of
the drain current and the device temperatifdd,,=f(14,7;)). The on-state voltage is obtained for two
different temperatures, 26 and 160C. The voltage at 25C is extracted from the drain current versus
drain-source voltage curve which is given by the data siseetFigi/A#). However, the drain-source voltage
at the maximum junction temperature (18D) is obtained by normalize the drain-source voltage 4€25
and the result is shown in Talile 5.2 and [Eigl 6.4.
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6.2. Simulation analysis using PLECS

Table 6.2: Drain-source voltage normalization

[ Lu(A) | Vas,, at(25C) | Vas,, at(175C) |

0 0 0
1 0.014 0.028
2 0.032 0.064
3 0.052 0.104
4 0.07 0.14
5 0.088 0.176
6 0.11 0.22
7 0.127 0.254
8 0.147 0.294
9 0.169 0.338
10 0.193 0.386
11.2 0.22 0.44
13.4 0.3 0.6
15.6 0.35 0.7
18.7 0.45 0.9
20 0.5 0.1
1,2
1 /
0,8
= /I/
=
Z 0.6
- ——-Vdson at 25 C
-#-Vdson at 160C

0 5 10 15 20 25

Drain current (A)

Fig. 6.4current versus drain-source voltage at two different teatpee(25C and 175C)

PLECS always uses a Cauer thermal equivalent network to Intteeléhermal impedance of the device
from junction to case. In the data sheet, the Foster thermaValent circuit is supported (see Fig. A.9).
Therefore, the transformation from Foster to Cauer netisitkplemented using the following procedure

1. The impedance of the Foster netwdrk (4.22) can be written a

an,lS’”l + an,25"72 + ... +a1S + ag
Z(S) = 6.3
() b, S™ 4+ by 1S+ L+ 015 + by (6.3)

2. The first value of Cauer capacitance is found by inverflag)and subtracting the value of the first
capacitanceé [11].

bpS™ + by 1S 4+ 4+ 515+ b
1S 1+ a,_oS" 24+ ... +a1S +ag

Y1 (S) = — 8 (6.4)

(bn — Clan_l)S” + (bn—l — Clan_g)Sn_l + ...+ (bl — Clao)S + bg
an,lS”*1 + an,QS"*Q “+ ...+ (IlS + aop

Yi(S) = (6.5)
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Chapter 6. Experimental set-up and simulation analysis

Then
Ch = bn (6.6)
an—1
3. The first value of the Cauer resistance can be found acaptdithe following
an_lS"_l + an_gS"_Q +...+a1S +ag

Z1(S) = - R 6.7
1( ) (bn - C’lanfl)S" + (bn,1 - Clan,g)S”*1 —+ ...+ (bl - C’lao)S + b() ! ( )

Z (S) _ (an,1 — Rl(bn — Clanfl))Snfl + + ((11 — Rl (b1 — C’lao))S + (a() — Rlbo)

! (bn — Clan_l)S" + (bn—l — Clan_g)S”—l + ...+ (bl — Clao)S + bg

(6.8)
R = dn-1 (6.9)

bn - Clanfl

4. To calculate the next value of the resistance and the tapae, the procedure from (1 to 3) must be
repeated.

Table[6.8 and Table 8.4 show the transformation results froster to Cauer thermal resistance and
thermal capacitance respectively.

Table 6.3: Foster to Cauer thermal resistance conversion

Thermal resistanceéC/W)
Thermal resistance Foster | Cauer

Rrm, 0.0005| 0.00311
Rrm, 0.0015| 0.01074
Rru, 0.02 | 0.0698
Rrpy, 0.09 | 0.1959
Rrm, 0.19 | 0.1959
Rru, 0.29 | 0.1165

Table 6.4: Foster to Cauer thermal capacitance conversion

Thermal capacitance(iZ)
Thermal capacitanceé Foster Cauer
Cru, 0.0028| 0.001056
Crm, 0.0046 | 0.0009371
Crm, 0.0055| 0.0009228
Cru, 0.0092| 0.003488
Cru, 0.017 | 0.01427
Cru, 0.043 | 0.07497
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6.2. Simulation analysis using PLECS

Three simulation tests results are compared with the measnt results:

6.2.1 Testl

M easurement results

In this test, the MOSFET is not mounted to any heat sink. TheSHET is isolated from the PCB by using
thermal isolation paper to measure the correct temperafargtop the air flow and get a balance and non-
fluctuating temperature, the circuit is put inside a plastiamber. Two thermocouples (PT1000) are used
in this test; the first PT1000 element is glued on the caseedfM®SFET to measure the case temperature
while the second PT1000 element is used to measure the artdnigmerature inside the chamber box. The
case, and the ambient temperature are measured by padfingrdidrain currentss4, 84, 10 A) through

the MOSFET as shown in Fif.6.6 to Fig.6.8. A drain current2f resulted in a substantial increase in
the junction temperature. Fig._6.5 shows the temperatareases incredibly by passiigA through the
MOSFET.

Fig. 6.5Experimental test of MOSFET with;=12 A
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Fig. 6.6 Experimental measurement wifh=5.993 A
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Fig. 6.7 Experimental measurement wifh=7.99 A
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6.2. Simulation analysis using PLECS
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— T ambient measurement
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1 1
1000 1500 4000
Fig. 6.8 Experimental measurement wifh=9.89 A

Table[6.b shows the power dissipation for various drainentyisteady state case temperature measure-
ment and steady state ambient temperature.

Table 6.5: MOSFET thermal measurement at different draireca

| Id (A) | Vdson (V) | Pd (W) | Tcase (OC) | Tamb (OC) |

5.993 0.138 0.8270 46.38 24.95
7.99 0.229 1.8297 73.7 25.8
9.89 0.402 3.9758 118 26.3

The junction temperature is calculated accordingid (62&hawn in TablE6]6. The junction to ambient
thermal resistanceli{ry,,) is the only thermal resistance that exists if the MOSFETosmounted onto
heat sink. The value dkry,, is 30°WC which is founded in the data sheet[23]. Moreover, the jumctem-
perature is estimated by normalizing the calculated otes&sistance%‘i&) using the normalized drain
to source on resistance versus the junction temperatuteoassn Fig[A.5.

Table 6.6: MOSFET junction temperature calculation fofedi#nt drain current

| PsW) | Rra,,(°CIW) [ Tawe (°C) | T3,,,.. °CC) [ T} (°C) | Error(%) |

estim.

0.8270 30 24.95 49.76 47.7 4.32
1.8297 30 25.8 80.69 76.6 5.34
3.9758 30 26.3 145.57 138.8 4.88

Both power dissipation and junction temperature increasedrious drain current as shown in Hig.16.9
and Fig[6.1ID respectively.
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Fig. 6.9Power dissipation versus drain current
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Fig. 6.10Junction temperature versus drain current

The on-state resistance is a function of drain current, galiage, and MOSFET temperature. All
MOSFET data sheet provides the relationship between treaia-resistance and the temperature. As the
junction temperature increases, the on-state resistaax®tbe modified according to the following rela-

tionship [24].

1 oo
300

where the value of?,_, (25°C) is 0.0212 which is obtained from the data sheet|[23] andis the
junction temperature in Kelvin (K).

Ras,, (Ty) = Ras,, (25°C)( (6.10)

The on-state drain-source resistance is calculated usimgnethods. The first method by dividing the
drain-source voltage by the drain current. However, thesgenethod is calculated by usifg (6.10). The
results and error of calculating the on-state resistancasihyg these two methods are visualized in Ta-
ble[6.7. Fig[6.I1 shows how the on-state drain-sourcetaesis for various drain currents by using these
two methods.
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6.2. Simulation analysis using PLECS

Table 6.7: Error in the drain-source resistance by using&thods

[ 7(A) | Vas,,(V) | Rus,, methodl (Q) | Ras,, method2 () | Error(%) |

5.993 0.138 0.0230268 0.023563 2.27
7.99 0.229 0.0286608 0.029083 1.45
9.89 0.402 0.040647 0.042843 5.12
0,049
-]
2]
=
S 0,044
: s
5 0,039 f
: y/a
S =
23S 0,034
£ ——Rdson method 1
[
£ 0,029 -#Rdson method 2
]
=
= 0,024 —
=
@)
0,019 . . . |
5.5 6,3 7.5 8.5 9.5 10,5

Drain current (A)

Fig. 6.11Drain source resistance versus drain current

Now, the percentage of the heat that flows out through gatiece@nd drain pin of the MOSFET device
is calculated. Fid. 6.12 shows the cross section of the MAS#H& The energy flow per unit time that flows
from the high temperature end to the the lower temperatutésen

_ AMWAT
N 1

where ) is the material thermal conductivity=), AT is the change of the temperature in each Pin
(°C), andh, b, d is the MOSFET pin dimensionsy).

Py (6.11)

——7

A\

/

Fig. 6.12MOSFET pin configuration

=

To measure the change of the temperature in each pin of theedsix thermocouples (PT1000) are
used as illustrated in Fif. 6.13. On each pin, one PT1000ezleis put on the top and the other is put
in the bottom. Another two PT1000 elements are used to medkarcase temperature and the ambient
temperature. A drain current di.89 A) is tested. The drain-source voltagé( , )of the MOSFET without
heat sink for this drain current 5402V . Table[6.8 shows the percentage of the power dissipatioadh e
pin of the device.
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Fig. 6.13PT1000 positions on the MOSFET

Table 6.8: MOSFET thermal measurement at different drairec

| Type | Trop(°C) | Thottom(°C) | Pa(W) |

Drain 114.1 91.49 0.2238
Source| 83.07 61.74 0.2112
Gate 65.87 61.12 0.047

The total power dissipation iS076W). However, the total power dissipation of drain, source, gate
pin is (0.482W) which means that2% of the energy flows through the MOSFET pins a8&¥ of the
energy flows through the case.

The thermal resistance for each pin is calculated by usidgdlj6Tabld 6.0 shows the dimensions and
the thermal resistance for each pin.

Table 6.9: MOSFET thermal measurement at different drairect

‘ Type ‘ h(mm) ‘ I(mm) ‘ W (mm) ‘ RTH(C;/[(/J) ‘

Drain 0.6 16 1.2 101.02
Source| 0.6 16 1.2004 100.99
Gate 0.6 16 1.199 101.06

The maximum chip temperature for the MOSTFETI#%°C. To be on the safe side, the temperature
on the semiconductor is often designed so that the temperiatkept undet 00°C with help of additional
cooling. This has mainly to do with the fact that the life I&mof the chip is temperature dependent, high
temperature reduces the life length drastically. To lowertemperature, two different heat sinks are tried
out as they illustrate in test 2 and test 3.
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Simulation analysis

The MOSFET in this test is not mounted onto a heat sink. Theegfonly junction to ambient ther-
mal resistanceRry,,) is modeled in thermal simulation model as illustrated ig.[.14. The value of
Rry,, = 30°WC is founded in the MOSFET data sheet as it is illustrated inélld®. In PLECS, this re-
sistance is divided into two resistance; junction to casential resistancel{ry,, = 0.74°WC) and case to
ambient thermal resistanc&4x,, = 29.26°WC). To simulate the thermal rise time of the case temperature

a thermal capacitance is connected from the case point tetéence point which is calculated according
to

t, = 2.2RrCry (6.12)

Table[6.10 shows the thermal capacitance for differenndrairent. The ambient temperature is set as
a constant temperature source as it is visualized i Eidgl @He junction temperature and case temperature

are measured and compared with the measurement resultsmakimum error between the simulation and
measurement is abott 5.9 %.

Table 6.10: Thermal capacitance which is used in PLECS

Pi(W) | Rra,, () | Rra,, (Q) | 7ru (sec)| Cru (35)
0.8270 0.74 29.26 485 7.53
1.8297 0.74 29.26 530 8.23
3.9758 0.74 29.26 541 8.40
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Fig. 6.14Thermal and electrical simulation model for the MOSFET withheat sink
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Fig.[6.15 to

Fig[6.17 show the simulation result for each @oslissipation step.
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Fig. 6.17Measurement and experimental results with9.93 A

Table[6.11 shows the percentage error between the simulkatio experimental results

Table 6.11: Measurement and simulation thermal calcuiagioor

Pd Tcasemeasur. TC(ZSGS’L"ITL. Error %

0.8270 46.38 47.59 -2.543
1.8297 73.7 74.18 -0.647
3.9758 118 123.1 -4.143

6.22 Test2

M easurement results

The MOSFET is screw-mounted onto a 50mm*50*12mm (KS 50) bigdkt A thermal isolation pad is put
between the MOSFET device and the heat sink to ensure a geadahcontact. The thermal resistance
of the isolation padRrp..) is 3.7°WC which is extracted from the data sheet (see [Fig. ]A.15). Mareo
the thermal resistance of the heat sidk(zs,) can be extracted from the data sheet for different power
dissipations (see Fif._AlL5) . Three thermocouples (PTaf®ysed in this experiment set-up. The first one
is attached on the MOSFET case to measure the case tempefidtarsecond thermocouple is mounted in
the heat sink to measure the temperature of the heat sinkashthermocouple is used for measuring the
ambient temperature as shown in Fig. 6.18. Two tests areidahis part:

1. The circuit is put inside a plastic chamber to stop the aw fis shown in Fid. 6.18 and in F[g. 6119.
Fig.[6.20 to Fig[[6.24 visualize the measurement for difiepower dissipation by passing different
drain currents through the device.
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Heat sink Side view of
the MOSFET

PT 1000
clement @

Measurement Circuit

Fig. 6.18Schematic experimental case-up

Fig. 6.19Experimental case-up
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6.2. Simulation analysis using PLECS
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Fig. 6.21Experimental measurement wifh = 7.99A
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To sum up, the power dissipation for various drain curredtthe steady state case, heat sink, ambient
temperatures are shown in Table 6.12.

Table 6.12: MOSFET thermal measurement at different draireat

| Ii | Vise, | Pi | Tease | Theatsink | Tams |
5.993| 0.126 | 0.7552| 36.66 35.31 28.23
7.99 | 0.182 | 1.4542| 46.51 41.82 29.06
9.89 | 0.251| 2.4824| 59.25 50.14 29.77
12.31| 0.381| 4.6901| 83.01 65.75 32.14
13.99| 0.511| 7.1489| 105.7 82.40 31.19

The junction temperature is calculated according(fo] (62steown in Tablé 6.13. The values of
the junction to case thermal resistané&-¢;,.) and the case to source thermal resistarfter_ , ) are
extracted from the data sheet of the MOSFET and the theroilatisn pad respectively. The source to
ambient thermal resistanc&¢( ) is extracted from the temperature to power dissipationestor
various power dissipation which is supported by the datatsiMoreover, the junction temperature is
estimated by using the normalized drain to source on resist@ersus junction temperature as shown

in Fig.[A.

Table 6.13: MOSFET junction temperature calculation féfedént drain current

Pq Rru;. | Rra., | Rra., | Tomb T}, .. Tj.orirn. | Error
(W) | (CCw) | (°CIw) | (°CIW) | (°©) (°C) (°C) (%)
0.7552 0.74 3 9.7 28.23| 38.175984 40.1 4.79
1.4542 0.74 3 9 29.06| 47.193874| 48.46 2.61
2.4824| 0.74 3 8.4 29.77| 59.236088| 60.56 | 2.18
4.6901 0.74 3 7.2 32.14| 82.183367 84.3 2.51
7.1489 0.74 3 7 31.19| 106.038983 109.7 3.34
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The power dissipation is increased as the drain currentig@sed. As a result the junction tempera-
ture is also increased as the drain current increases asmshdig.[6.25 and Fid, 6.26 respectively.
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/ —pd
/@ 59,23 °C p

Power dissipation (W)
S = W oA N W0

4719 °C
"‘@'38,17 °C
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Drain current (A)
Fig. 6.25Power dissipation versus drain current
115

AS
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Junction temperature (°C)

5,5 7,5 9,5 11,5 135 155

Drain current (A)

Fig. 6.26Junction temperature versus drain current

The data sheet on-state drain-source resistance is degatrhy using[(6.10). Dividing the drain-
source voltage by the drain current gives the calculatedtate drain-source resistance. The results
and error of calculating the on-state resistance are \iimehin Tabld 6.174. Fid. 6.27 shows how the
on-state drain-source resistance for various drain ctgtsnusing these two methods.



On-state drain source resistance

6.2. Simulation analysis using PLECS

Table 6.14: Error in the drain-source resistance by usimgmethods

[ 7(A) | Vas,,(V) | Rus,, methodl (Q) | Ras,, methodl () | Error(%) |

5.993 0.126 0.0210245 0.02064217 1.82
7.99 0.182 0.022778 0.02234205 1.91
9.89 0.251 0.02538 0.024908645 1.86
12.31 0.381 0.03095 0.029569162 4.46
13.99 0.511 0.03653 0.034898263 4.47
0,039
0,037  @10603°C
0,035
0,033 //
0,031 :
& 0,029
= 0.027 ——Rdson method 1
0,025 -#-Rdson method 2
0,023
0,021
0,019 . . . . .

5,5 7,5 9,5 11,5 13,5 15,5

Drain current (A)

Fig. 6.27Drain source resistance versus drain current

. In this part, a fan is put in front of the MOSFET to cool it &a®®n in Fig[6.2B8 . The case, heat sink,
and ambient temperatures are measured and the steadyestdts are shown in Talle 6]15. This ta-
ble shows the on-state resistanég;( ) which is calculated by dividing the drain-source measured
voltage by the measured drain current. This resistanceeid tesestimate the junction temperature
depending on the normalized drain to source on resistansesginction temperature curve.

Table 6.15: MOSFET thermal measurement at different draireat

14 Vs on Py Rys,, Tease | Theatsink | Tamb | Tjesrimated
(4) (V) W) () (°C) (°C) (°C) (°C)
5.993| 0.122| 0.7311| 0.020357 | 29.01 26.85 26.54 31.35
7.99 | 0.171| 1.366 | 0.0214017| 33.8 27.23 26.91 34.7
9.89 | 0.222] 2.1956| 0.0224469| 39.05 27.34 27.01 395
12.31| 0.285| 3.5084 | 0.0231827| 45.8 27.89 27.32 46.05
13.99| 0.356 | 4.9810| 0.0254496| 53.17 28.69 27.44 53.5
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Fig. 6.28Forced air cooling experimental set-up

Using air forced cooling, the source to ambient thermaktasice Rs,) reduces depending on the
speed of air. The maximum reduction of this thermal reststda approximately a factor of 4. The
minimum and maximum reduction of the power dissipation bipgisir forced cooling ar8.19%
and30.23% respectively as shown in Fig.6129.
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0 T T I I 1
5,5 7,5 9,5 11,5 13,5 155

Drain current (A)

Fig. 6.29Reduction in power dissipation by using air forced cooling

In this case, the power dissipation from the case to the amhlsdnigher than the power dissipation
with chamber box. As a result, both the drain-source rasigtand the junction temperature reduces
as shown in Fig_6.30 and Fig.6]31. The maximum and minimutngon on the drain-source re-
sistance i8.17% and30.33% respectively. Whereas, The maximum and minimum reductiotihe
junction temperature i57.88% and49.55% respectively.
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6.2. Simulation analysis using PLECS

0,039
0,037
0,035 //
0,033 /
0,031 /
=~ 0,029
= 0,027 // —+—Rdson (chamber box)
0,025 = -#-Rdson (air forced)
0,023 A
0,021 —‘é’/‘/
0,019 T T T T 1

5,5 7,5 9,5 11,5 13,5 15,5
Drain current (A)

Fig. 6.30Reduction in drain source resistance by using air forcedirmpo

[y
[
Lh

[y
e e D
th h n

N\

\

/ —+Tj(chamber box)

-#Tj(forced air)

\
\

o
th

55 7,5 95 11,5 135 155

Drain current (A)

Fig. 6.31Reduction in the junction temperature by using air forcealiog

The thermal resistance by using air forced cooling reduppsoximately a factor o2 which is cal-
culated using(6]2). Table 6116 shows the junction to anilifermal resistance{ry,. + Rru.. +
Rr.,) by using chamber box and forced air cooling.
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Table 6.16: Total thermal resistance reduction by usingddmir cooling

‘ I; (A) ‘ Rrp,, (Chamber box){5) ‘ Rry,, (Forced air cooling){<) ‘

5.993 13.44 6.579
7.99 12.74 5.703
9.89 12.14 5.688
12.31 10.94 5.338
13.99 10.74 5.232

Tablg6.2D shows the heat sink thermal resistance whictdslaged by using the following equation.
The junction to case thermal resistancé.imowc and the case to source thermal resistan@é%s

Rrp,, = Rru,, — Rru,, — Rra,, (6.13)

Table 6.17: Heat sink thermal resistance reduction by usirggd air cooling

‘ 1; (A) ‘ Rr,, (Chamber box)%c) ‘ Rrp,, (Forced air cooling)%c) ‘ Reduction factor‘

5.993 9.7 2.839 3.4
7.99 9 1.963 4.6
9.89 8.4 1.948 4.3
12.31 7.2 1.598 4.5
13.99 7 1.492 4.6

Simulation analysis

Fig.[6.2 is the simulation model which is used in this teste Thse temperature and heat sink temperature
are compared with the measurement results. The maximumietoeen the simulation and measurement
is about is aboutt5 %. The 3D heat transfer from the junction to the ambient is rledeas a 1D heat
transfer path and this is the first source of the error betwieesimulation and measurement results. Only
the thermal resistance of the isolation pad is modelledérttibrmal network and its value is obtained from
the data sheet. However, its thermal capacitance is naided in the simulation network since it is not
supported by the data sheet and that is the second source efrthr. Moreover, for better results the ther-
mal resistance and capacitance of the chamber box shoultloeéd in the simulation. The thermal model
of the heat sink is modelled by a thermal capacitance andranttigesistance. The value of the thermal
resistance is obtained from the data sheet. However, the#&heapacitance is calculated by calculating the
rise time of the heat sink temperature by uslng (6.12). Iineamover dissipation step, the heat sink thermal
resistance value is set to a fixed value in the simulation tisdetracted from the data sheet temperature
to power dissipation curve. However, in reality this vallreege slightly with the temperature of the heat
sink and that is another source of the error. TRblel6.18 shmasinction to case thermal resistance, case to
source thermal resistance, source to ambient thermatarses and heat sink thermal capacitance.
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Table 6.18: Thermal capacitance which is used in PLECS

I(A) | Rru,. (39) | Rra., 9) | Bra., (38) | mru (sec)| Cry (%)
5.993 0.74 3 9.7 879 41.19
7.99 0.74 3 9 843 42.57
9.89 0.74 3 8.4 822 44.48
12.31 0.74 3 7.2 780 49.24
13.99 0.74 3 7 769 49.94

Fig.[6.32 to Fig[[6.36 show the simulation result for each @oslissipation step.
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Table[6.19 shows the percentage error between the simukatid experimental results

Table 6.19: Measurement and simulation thermal calcularoor

Py | Toasemeasur. | Teasesim. | EMOr% || Thsmeasur. | Thesim. | Error%
0.748 36.66 36.99 | -0.892 35.31 3483 | 1.359
1.4542 46.51 45.43 2.322 41.82 41.34 | 1.148
2.4824 59.25 56.71 4.287 50.14 49.62 | 1.037
4.6901 83.01 79.92 3.722 65.75 65.07 | 1.034
7.1489 105.7 103.2 2.365 82.4 8158 | 0.995

Table[6.20 shows the heat sink thermal resistance whichdalased by using the . The junction to case
thermal resistance &74°WC and the case to source thermal resistansé)[,—[%

RTHSQ = RTHN — RTHjC — RTHCS (6.14)

Table 6.20: Heat sink thermal resistance reduction by usirggd air cooling

‘ 1; (A) ‘ Ry, (Chamber box)%c) ‘ Rrp,, (Forced air cooling)%c) ‘ Reduction factor‘

5.993 9.7 2.839 3.4

7.99 9 1.963 4.6

9.89 8.4 1.948 4.3

12.31 7.2 1.598 4.5

13.99 7 1.492 4.6
6.2.3 Test3

M easur ement results

In this test, the MOSFET is screw-mounted onto a 50mm*50*¢idS 108) heat sink. The thermal resis-
tance of the heat sink can be obtained from the data sheeiffieredit power dissipations (see Fig. Al17 ).
A thermal isolation pad with thermal resistance :ﬁxﬁ%) is put between the MOSFET and the heat sink.
Three PT1000 sensors are used to measure the case, heatdsarklient temperature. There are also two
parts in this test :

1. The MOSFET and the test circuit are put inside a chamberlshown in Figd_6.19. Fig. 637 to
Fig.[6.41 visualize the measurement for the case, the hdgasid the ambient temperature by pass-
ing different drain current through the device.
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To sum up, the steady state results are shown in Tablé 6.21.

Table 6.21: MOSFET thermal measurement at different draireat

| Ii | Vis,, | Pi | Tease | Theatsink | Tams |
5.993| 0.121| 0.7252| 30.92 30.55 28.95
7.99 | 0.172| 1.3743| 36.55 33.28 29.64
9.89 | 0.227| 2.2450| 42.71 35.76 29.65
12.31| 0.323| 3.9761| 54.08 41.09 30.24
13.99| 0.416| 5.8198| 64.94| 45.23 31.06

The calculated junction temperature is calculated acogrth [6.2) as shown in Table 6]22. The
value of the junction to case thermal resistanBe f;.) is 0.74°WC which is founded in the MOS-
FET data sheet [23]. The case to source thermal resistétiee () are extracted from the data sheet
(see Fig[[A.Ib). The source to ambient thermal resistaRge;(,) is extracted from the data sheet
temperature versus power dissipation curve for variousdnarrent (see Fig._A.17). Moreover, the
junction temperature is estimated by using the normalizathdo source on resistance versus junc-
tion temperature as shown in Fig. A.1.

Table 6.22: MOSFET junction temperature calculation féfedént drain current

Pq Rru;. | Rru., | Rra., | Tamb | Tjewe. | Tjesuim. | EMOT
(W) | (CCIW) | (°CIw) | (°CIW) | (°©) (°C) (°C) (%)
0.7252| 0.74 3 2.2 28.95| 33.23198| 34.4 3.11
1.3743| 0.74 3 2.71 29.65| 38.63696| 40.05 | 3.53
2.2450| 0.74 3 2.7 29.64 | 44.95641| 46.88 4.10
3.9761| 0.74 3 2.65 30.24 | 58.94341| 61.98 4.89
5.8198| 0.74 3 2.2 31.06| 71.59426| 74.21 3.52

The power dissipation and the junction temperature ardadseased as the drain currentis increased
as shown in Fid. 6.42 and Fig,. 6143 respectively.
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The on-state resistance for various drain current is caedlby using the same two methods which
are illustrated in TEST1 and the results are shown in énd Fig[6.44



On-state drain source

6.2. Simulation analysis using PLECS

Table 6.23: Error in the drain-source resistance by usimgnethods

[ 14(A) | Vs, (V) | Ras,, methodl (Q) | Ras,, methodl () | Error(%) |

5.993 0.121 0.02109 0,02000 517
7.99 0.172 0.021527 0,02102 2.36
9.89 0.227 0.022952 0,022013 4.09
12.31 0.323 0.026239 0,024304 7.37
13.99 0.416 0.029736 0,026487 10.92
0,031

P @71,59°C

]
e 0,029
2 & /
=3 0,027
£ 9 // @ 5884 °C
I
£ £ 0,025
o= / —+—Rdson method 1
= % 0,023 £95°C
= ¥ -#-Rdson method 2
1 OC
£ 0,021 ?
o 3.23°C
0,019 . . . . |

55 75 95 11,5 135 155

Drain current (A)

Fig. 6.44Drain source resistance versus drain current

For the variation of the drain current from993A to 13.99A4, the on-state resistanc&{s, ) in-

creases only about3.35% from 49.76°C to 145.57°C for the MOSFET without heat sink (test 1).
Whereas it increases abdt.75% from 38.1759°C to 106.039°C when the MOSFET is mounted
onto a small heat sink (test 2). When the MOSFET is mounted tiv& big heat sink, the on-state
resistance Rys,,) increases abo9.07% from 33.232°C to 71.59°C. These can be illustrated in

Fig.[6.45.

0,044
5 00 //'

3 0,034 // N

= ——Rdson test1
2 0,029 A

z /.//‘/ -=-Rdson test 2
= 0,024 -—Rdson test 3

0,019 . . . . .
5,5 7,5 9,5 11,5 13,5 15,5

Drain current (A)

Fig. 6.45Comparison of drain source resistance versus drain cuoetitree different tests

2. In this part, a fan is put in front of the MOSFET to cool it d®wn in Fig[6.28. TablE6.24 shows

the the case, the heat sink, and the ambient temperatuaely sttate results measurement. This table
also shows the on-state resistance (Rdson) which is cédclity dividing the drain-source measured
voltage by the measured drain current. This resistancebtosestimate the junction temperature de-
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pending on the normalized drain to source on resistanceis@raction temperature curve as shown

in Fig.[A.

Table 6.24: MOSFET thermal measurement at different dnaireat

Iy Py Rys,, Tease | Theatsink | Tamb | Tjesrimated
(4) W) () (°C) (°C) (°C) (°C)
5.993 0.7126| 0.019839 | 27.91 26.71 26.4 28.02
7.99 1.3159| 0.0206137| 32.89 27.35 26.66 31.15
9.89 2.0769| 0.0212336| 33.02 27.33 27 33.4
12.31 3.3643| 0.0221978| 35.8 27.55 27.2 36.12
13.99 4.5076| 0.023031| 38.1 27.89 27.3 38.67

In the above table, it is obvious that there are reductiohérptower dissipation, the junction temper-
ature, and the drain-source resistance as compared toltles\ay using chamber box:

e The minimum and maximum reduction in the power dissipatipning air forced cooling are
1.7% and21.2% respectively as shown in Fig._6146.

(W)

10N

/
o

issipa

// ——Pd(chamber box)
/

-#-Pd(forced air)

t
N W & L N

Powerd

P

1 .'/'

55

9.5

11,5 135 155

Drain current (A)

Fig. 6.46Reduction in power dissipation by using forced air cooling

e The minimum and maximum reduction in the drain-source tasce arel.74% and 22.5%
respectively as shown in Fig. 6147.
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6.2. Simulation analysis using PLECS

// -#-Rdson (air forced)
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Fig. 6.47Reduction in power dissipation by using forced air cooling

e The minimum and maximum reduction in the junction tempertrel5.67% and 45.68%

th S S
hh © h ©

Junction temperature (°C)
N W Wh &
h o thh o O

respectively as shown in Fig_6148.

/ —+Tj(chamber box)

— -#-Tj(air forced)

55 7,5 95 11,5 13,5 15,5

Drain current (A)
Fig. 6.48Reduction in power dissipation by using forced air cooling
Using air forced cooling, the thermal resistance reducescqmately a factor o2 which is

calculated usind (612). Table 6125 shows the junction toiantihermal resistanceR(-r,, +
Rru,, + Rru,,) by using chamber box and forced air cooling.

91



Chapter 6. Experimental set-up and simulation analysis

Table 6.25: Thermal resistance reduction by using forcedcaling

‘ I; (A) ‘ Rrp,, (Chamber box){5) ‘ Rry,, (Forced air cooling){<) ‘

5.993 5.94 2.27
7.99 6.45 3.41
9.89 6.44 3.08
12.31 6.39 2.65
13.99 5.94 2.52

Table[6.26 shows the heat sink thermal resistance whichidalaged by using{6.14). The junc-
tion to case thermal resistance()i§4°wc and the case to source thermal resistan@é%s

Table 6.26: Heat sink thermal resistance reduction by usireed air cooling

‘ 15 (A) ‘ Rru,, (Chamber box)%c) ‘ Rru., (Forced aircooling)%c) ‘ Reduction factor‘

5.993 2.2 1.47 15
7.99 2.71 0.66 4.1
9.89 2.7 0.33 8

12.31 2.65 1.09 2.4
13.99 2.2 1.22 1.8

Simulation analysis

Fig.[6.2 is the simulation model witch is used in this teste Vhlues of the thermal isolation pad remains
the same. However, the heat sink thermal resistance formaehr dissipation is extracted from the tem-

perature versus power dissipation curve which is given ta dheet. However, the thermal capacitance is
calculated by calculating the rise time of the heat sink terapre by using (6.12). change slightly with the

temperature of the heat sink and that is another source d@rthbe Tabld 6.7 shows the junction to case

thermal resistance, case to source thermal resistanagesmuambient thermal resistance, and heat sink
thermal capacitance.

Table 6.27: Thermal capacitance which is used in PLECS

I(A) | Rra,, 39) | Bra., GS) | Rra., (38) | mru (sec)| Cry (%)
5.993 0.74 3 2.2 1613 333.2
7.99 0.74 3 2.71 1057 177.3
9.89 0.74 3 2.7 1047 176.3
12.31 0.74 3 2.65 960 164.7
13.99 0.74 3 2.2 1013 209.3

The case temperatures and heat sink temperatures are aahwidn the measurement results. The
maximum error between the simulation and measurement ist éaboutt 5.9 %. Fig.[6.49 to Fig[ 6.53
show the simulation result for each power dissipation step.
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6.2. Simulation analysis using PLECS
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Fig. 6.50Measurement and experimental results with= 7.99 A
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Table[6.28 shows the percentage error between the simukatio experimental results

Table 6.28: Measurement and simulation thermal calcuiagioor

Py Teasemeasur. | Teasesim. | EMOr% || Themeasur. | Thssim. | Efror%
0.7252 30.92 32.44 | -4.916 30.55 30.38 | 0.556
1.3743 36.55 37.12 | -1.560 33.28 33.24 | 0.120
2.2450 42.71 41.75 2.248 35.76 35.38 | 1.063
3.9761 54.71 52.49 2.940 41.09 40.59 | 1.217
5.8198 64.94 61.09 5.929 45.23 4375 | 3.272

|
3500

4000
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Chapter 7

Conclusions

7.1 Resultsfrom present work

The main goal of this thesis was to model a MOSFET in PLECSi8itk thermally. Results from the ex-
periments and simulation were compared. Moreover, the éeatpre measurement circuit was designed to
measure the case, heat sink, ambient temperature.

In order to study the thermal behavior of the MOSFET, thresecset-up were considered. In the first
one the MOSFET was not attached to a heat sink. The resulthifotest showed that the drain current
could not be increased higher theihA because of increasing the junction temperature too muehsdtme
minutes. In the second one, the MOSFET was screwed onto &lseadlsink to cool down the device and
in this case set-up two tests were studied. firstly, the MOS®E&S put inside a chamber box to prevent
air flowing. Secondly, a fan was used to cool down the MOSFHE fEsults from these tests showed that
the power dissipation, on-state resistance, and juncéiorpérature reduce by using the chamber box and
forced air cooling as compared to the results from the fisttde shown in Fig._7.1. In the third one the
MOSFET was screwed onto a big heat sink. Also, in this casepséie chamber box and the forced cooling
fan were studied. The results showed that the big heat sitkaroed air cooling have substantial effect on
the power dissipation and junction temperature of the MOBIFi).[7.1 reveals how the power dissipation
increases for different drain current.

[y
=

——Pd(air forced) small heatsink

=#-p d(chamber box) small heatsink

Pd without heatsink
o

4 ——Pd (chamber box) big heatsink

Power dissipation (W)

\
AN
\

—=Pd(air forced) big heatsink
5,5 7,5 9,5 11,5 13,5 15,5

Drain current (A)

Fig. 7.1Power dissipation versus drain current
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Fig.[Z.2 highlights how the junction temperature rise fdfedent drain current.

160
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120
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100 /
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40 ]

—t=Tj(air forced) big heatsink

Junction temperature (°C)

20 T T T T 1
5.5 7.5 9.5 11,5 13,5 15,5

Drain current (A)

Fig. 7.2Junction temperature versus drain current

For these three tests, satisfactory results were achi@adparison between the simulation and exper-
imental results proved the accuracy of the MOSFET thermalehwith maximum error about5%.

In this thesis a reliable temperature measurement circast designed with an accuracy-6f%. En-

suring better cooling to reduce the power dissipation arduhction temperature which indicate that the
MOSFT can still handle higher drain current.

98



7.2. Future work

7.2 Futurework

It is recommended to further validate the developed model by

1. Taking measurements of SIC devices to verify that thegeaflorm similarly in terms of their thermal
behavior under the same experimental power levels.

2. Using more thermocouples located at many different lonatto validate the thermal model with
more precision. The use of a thermal camera may also aid ify tleese readings.

3. Changing the heat sink and isolation pad to check if theuihele module of the device under low
and high power levels is being adequately modeled.

4. Increase the speed of the flowing air to make sure that #rentl resistance decreases by fadtor
and validate the results with the thermal model results.

5. Include the switching losses to calculate the total patigsipation. This is due to that during the
transition from off-state to on-state and vice versa bogicilrrent through and the voltage across the
device are larger than zero and this leads to large instaotesty power dissipation. The simulation
of switching losses is usually challenging because it megua quite detailed and accurate thermal
model.
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HUF75639G3, HUF75639P3, HUF75639S3S,
HUF75639S3

]
FAIRCHILD

]
SEMICONDUCTOR®

Data Sheet

December 2001

56A, 100V, 0.025 Ohm, N-Channel Features
UltraFET Power MOSFETs . 56A. 100V
Tros \hanna ooner IOSFETS . o wosos
” innovative UlraFET® pgrocess. This - Temperature Compensated PSPICE® and SABER™

L Electrical Models
advanced process technology

achieves the lowest possible on-resistance per silicon area,
resulting in outstanding performance. This device is capable
of withstanding high energy in the avalanche mode and the » Peak Current vs Pulse Width Curve
diode exhibits very low reverse recovery time and stored
charge. It was designed for use in applications where power
efficiency is important, such as switching regulators,
switching converters, motor drivers, relay drivers, low-
voltage bus switches, and power management in portable
and battery-operated products.

- Spice and Saber Thermal Impedance Models
- www.fairchildsemi.com

» UIS Rating Curve

Related Literature

- TB334, “Guidelines for Soldering Surface Mount
Components to PC Boards”

Symbol
Formerly developmental type TA75639.
D9
Ordering Information
'—
PART NUMBER PACKAGE BRAND |<|_—
HUF75639G3 TO-247 75639G
HUF75639P3 TO-220AB 75639P 3
HUF75639S3S TO-263AB 75639S
HUF75639S3 TO-262AA 75639S
NOTE: When ordering, use the entire part number. Add the suffix T to
obtain the TO-263AB variant in tape and reel, e.g., HUF75639S3ST.
Packaging
JEDEC STYLE TO-247 JEDEC TO-220AB
SOURCE SOURCE .\
DRAIN GATE
GATE
DRAIN
(FLANGE)
JEDEC TO-263AB TO-262AA
SOURCE
. DRAIN
g GATE
GATE - DRAIN
(FLANGE)
SOURCE

Product reliability information can be found at http://www.fairchildsemi.com/products/discrete/reliability/index.html
For severe environments, see our Automotive HUFA series.
All Fairchild semiconductor products are manufactured, assembled and tested under ISO9000 and QS9000 quality systems certification.

©2001 Fairchild Semiconductor Corporation HUF75639G3, HUF75639P3, HUF75639S3S, HUF75639S3 Rev. B

Figure A.1: MOSFET data sheet
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HUF75639G3, HUF75639P3, HUF75639S3S, HUF75639S3

Absolute Maximum Ratings T¢ = 25°C, Unless Otherwise Specified

UNITS

Drain to Source Voltage (Note 1) . ... ........ ... ... ... .. .. . ... ... Vpss 100 \'
Drain to Gate Voltage (Rgg =20kQ) (Note 1) . ... . ... s, VDGR 100 \"
GatetoSourceVoltage . ....... ... ... . Vas +20 \Y
Drain Current

CoNtiNUOUS (FIQUIE 2). « o vt ottt et e et e e e et e et ettt Ip 56 A

PulsedDrainCurrent ... ... .. ... ... Ibm Figure 4
Pulsed Avalanche Rating. . . .. .. ..o e Eas Figures 6, 14, 15
Power Dissipation . ... vt e e Pp 200 w

Derate ADOVE 250G . .. . oot e 1.35 w/°C
Operating and Storage Temperature .. ... .................iiiiionn.. T, TsTg -6510 175 °C
Maximum Temperature for Soldering

Leads at 0.063in (1.6mm) from Case for 108. . . ... ... oiieii e T 300 °C

Package Body for 10s, See Techbrief334 .. ... .. .. oo Tpkg 260 °c

CAUTION: Stresses above those listed in “Absolute Maximum Ratings” may cause permanent damage to the device. This is a stress only rating and operation of the
device at these or any other conditions above those indicated in the operational sections of this specification is not implied.

NOTE:
1. Ty =25°C to 150°C.

Electrical Specifications T = 25°C, Unless Otherwise Specified

PARAMETER SYMBOL TEST CONDITIONS ‘ MIN ‘ TYP ‘ MAX ‘ UNITS
OFF STATE SPECIFICATIONS

Drain to Source Breakdown Voltage BVpss Ip = 250uA, Vg = 0V (Figure 11) 100 - - \
Zero Gate Voltage Drain Current Ipss Vpsg = 95V, Vgg = 0V - - 1 UA

Vpg = 90V, Vgs = 0V, T = 150°C - - 250 pA
Gate to Source Leakage Current lgss Vgs = X20V - - +100 nA

ON STATE SPECIFICATIONS

Gate to Source Threshold Voltage Vas(tH)y | Vas = Vps, Ip = 250pA (Figure 10) 2 - 4

Drain to Source On Resistance IDS(ON) | Ip = 56A, Vs = 10V (Figure 9) - 0.021 | 0.025 Q

THERMAL SPECIFICATIONS

Thermal Resistance Junction to Case Rguc (Figure 3) - - 0.74 ocw

Thermal Resistance Junction to Ambient RoJA TO-247 - - 30 ocw
TO-220, TO-263 - - 62 oc/w

SWITCHING SPECIFICATIONS (Vgg = 10V)

Tum-On Time toN Vpp = 50V, Ip = 56A, - - 110 ns
Turn-On Delay Time td(oN) Eé; 2291% Vas =10V, - 15 - ns
Rise Time t - 60 - ns
Turn-Off Delay Time td(OFF) - 20 - ns
Fall Time 1 - 25 - ns
Turn-Off Time toFF - - 70 ns
GATE CHARGE SPECIFICATIONS

Total Gate Charge QgroT) |VGs=0Vi020V | Vpp=50V, - 110 130 nGC
Gate Charge at 10V Qqg(10) | Vas=0Vto 10V :qDLE:S(?géQ - 57 75 e
Threshold Gate Charge QqTH) |Vas=0Vto2v '(?:(I:llf:;) T;)-OmA - 3.7 45 nC
Gate to Source Gate Charge Qgs - 9.8 - nG
Gate to Drain “Miller” Charge Qgd - 24 - nGC

©2001 Fairchild Semiconductor Corporation HUF75639G3, HUF75639P3, HUF7563953S, HUF75639S3 Rev. B

Figure A.2: MOSFET data sheet
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HUF75639G3, HUF75639P3, HUF75639S3S, HUF75639S3

Electrical Specifications T¢ = 25°C, Unless Otherwise Specified

PARAMETER ’ SYMBOL ‘ TEST CONDITIONS ‘ MIN ‘ TYP ’ MAX ‘ UNITS
CAPACITANCE SPECIFICATIONS
Input Capacitance Ciss Vpg =25V, Vgg =0V, - 2000 - pF
f=1MHz
Output Capacitance Coss (Figure 12) - 500 - pF
Reverse Transfer Capacitance CRrss - 65 - pF
Source to Drain Diode Specifications
PARAMETER SYMBOL TEST CONDITIONS MIN TYP MAX UNITS
Source to Drain Diode Voltage Vsp Isp = 56A - - 1.25 \'
Reverse Recovery Time e Isp = 56A, digp/dt = 100A/us - - 110 ns
Reverse Recovered Charge Qrr Igp = 56A, dlgp/dt = 100A/us - - 320 nC
Typical Performance Curves
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HUF75639G3, HUF75639P3, HUF75639S3S, HUF75639S3

Typical Performance Curves (Continued)
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HUF75639G3, HUF75639P3, HUF75639S3S, HUF75639S3

Typical Performance Curves (Continued)
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HUF75639G3, HUF75639P3, HUF75639S3S, HUF75639S3

Test Circuits and Waveforms
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HUF75639G3, HUF75639P3, HUF75639S3S, HUF75639S3

PSPICE Electrical Model

SUBCKT HUF7563921 3 ; rev Oct. 98
CA 12 82.8e-9
CB 15 142.65e-9
CIN 6 81.9e-9
LDRAIN

DBODY 7 5 DBODYMOD DF"I-ICAP 5 DRZAIN
DBREAK 5 11 DBREAKMOD o
DPLCAP 10 5 DPLCAPMOD ). RLDRAIN

RSLC1

51 DBREAK W
+

EBREAK 117 17 18110 S
EDS 14 8 5 81 RSLC2
EGS 13 8 6 81 ESLC 1
ESG610681
EVTHRES 621198 1 50 +

EVTEMP 20 6 18 22 1 -
17 DBODY
Esc( & S$RORAIN  EgRrEAK G; A
IT8 17 1 8 >
EVTHRES 6

21 |I

+

19"
LDRAIN 2 5 2e-9 LGATE EVTEMP 8

LGATE1 9 1e-9
GATE RGATE
LSOURCE 3 7 0.47¢-9 ) IE'MMED

3 MWEAK
6 o0
9 20 \22 —
RLGATE 19 10 RLGATE I[4MSTRO
T CIN

+(18-

RLDRAIN 2520
RLSOURCE 3 7 4.69

LSOURCE

SOURCE
e
MMED 16 6 8 8 MMEDMOD RSOURCE
MSTRO 16 6 8 8 MSTROMOD l_o—l RLSOURCE
MWEAK 16 21 8 8 MWEAKMOD S1A S2A

12 RBREAK

RBREAK 17 18 RBREAKMOD 1 8 13
RDRAIN 50 16 RDRAINMOD 1.3e-2
RGATE 9 200.7

RSLC1 551 RSLCMOD 1e-6

RSLC2 5 50 1e3

RSOURCE 8 7 RSOURCEMOD 4.5e-3
RVTHRES 22 8 RVTHRESMOD 1
RVTEMP 18 19 RVTEMPMOD 1

CA

S1A 6 12 13 8 S1AMOD

S1B 13 12 13 8 S1BMOD
S2A 6 15 14 13 S2AMOD
S2B 13 15 14 13 S2BMOD

RVTHRES

VBAT 22 19 DG 1
ESLC 51 50 VALUE = {{V(5,51)/ABS(V(5,51)))*(PWR(V(5,51)/(1e-6*115),4))}

.MODEL DBODYMOD D (IS = 1.4e-12 RS =3.3e-3 XTI =4.7 TRS1 =2e-3 TRS2=0.1e-5 CJO=3.3¢-9 TT =6.1e-8 M= 0.7)
.MODEL DBREAKMOD D (RS = 3.5e- 1TRS1 =1e- 3TRS2 = 1e-6)

.MODEL DPLCAPMOD D (CJO =2.2e- 9IS = 1e-3 ON=10M = 0.95 vj = 1.0)

.MODEL MMEDMOD NMOS (VTO =35KP=4.81S=1e-30N=10TOX=1L=1uW=1uRg=10.7)

.MODEL MSTROMOD NMOS (VTO =397 KP =56.51S =1e-30N=10TOX=1L=1uW = 1u)

.MODEL MWEAKMOD NMOS (VTO =3.11 KP = 0.0851S = 1e-30 N=10 TOX=1L=1uW =1uRG =7 RS =0.1)
.MODEL RBREAKMOD RES (TC1 = 0.8e- 3TC2 = 1e-6)

.MODEL RDRAINMOD RES (TC1 = 1e-2 TC2 = 1.75e-5)

.MODEL RSLCMOD RES (TC1 = 2.8e-3 TC2 = 14e-6)

.MODEL RSOURCEMOD RES (TC1=0TC2 =0)

.MODEL RVTHRESMOD RES (TC = -2.0e-3 TC2 = -1.75e-5)

.MODEL RVTEMPMOD RES (TC1 = -2.75e- 3TC2 = 0.05e-9)

.MODEL S1AMOD VSWITCH (RON = 1e-5 ROFF =0.1 VON =-6.0 VOFF =-3.5)
.MODEL S1BMOD VSWITCH (RON = 1e-5 ROFF = 0.1 VON =-3.5 VOFF =-6.0)
.MODEL S2AMOD VSWITCH (RON = 1e-5 ROFF = 0.1 VON =-2.5 VOFF = 4.95)
.MODEL S2AMOD VSWITCH (RON = 1e-5 ROFF =0.1 VON = 4.95 VOFF =-2.5)

.ENDS

NOTE: For further discussion of the PSPICE model, consult A New PSPICE Sub-Circuit for the Power MOSFET Featuring Global
Temperature Options; IEEE Power Electronics Specialist Conference Records, 1991, written by William J. Hepp and C. Frank Wheatley.
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HUF75639G3, HUF75639P3, HUF75639S3S, HUF75639S3

SABER Electrical Model
nom temp=25 deg ¢ 100v Ultrafet

REV Oct. 98

template huf75639 n2,n1,n3
electrical n2,n1,n3

B LDRAIN
variiscl DPLCAP 5 DRAIN
d..model dbodymod = (is=1.4e-12, xti=4.7, cjo=33e-10,tt=6.1e-8, m=0.7) T ° o .
d..model dbreakmod = () 10
d..model dplcapmod = (cjo=22e-10,is=1e-30,n=10,m=0.95, vj=1.0) RSLCT RLDRAIN
m..model mmedmod = (type=_n,vto=3.5,kp=4.8,is=1¢-30, tox=1) 51 RDBREAK
m..model mstrongmod = (type=_n,vto=3.97 kp=56.5,is=1e-30, tox=1) RSLC2 2’ 3
m..model mweakmod = (type=_n,vto=3.11,kp=0.085,is=1e-30, tox=1) < 72 RDBODY
sw_vesp..model stamod = (ron=1e-5,roff=0.1,von=-6.0,voff=-3.5) IscL
sw_vesp..model stbmod = (ron=1e-5,roff=0.1,von=-3.5,voff=-6.0)
swfvcsg..model s2amod = gron=1e-5,roff=0.1 ,von=-2.5,voff=4.95) - 50 perEAK W
sw_vesp..model s2bmod = (ron=1e-5,roff=0.1,von=4.95,voff=-2.5) 6 RDRAIN 71
ESG <§> < 11

c.cani2n8=28.5e-10 . EVTHRES 16
c.cbni5ni14 =26.5e-10 + - 21
c.cin N6 n8 = 19e-10 LGATE EVTEMP G iy weak A pBODY

GATE RGATE , ~7a\-| s = EBREAK
d.dbody n7 n71 = model=dbodymod 1 2% "o {[4MMED .
d.dbreak n72 n11 = model=dbreakmod 9 20 e MsTRO 5
d.dplcap n10 n5 = model=dplcapmod RLGATE —4 18 LSOURCE

CIN -
Litn8n17 = 1 T 8 A 7 SOURCE
Lidrain n2 n5 = 2.0e-9 l—hl RSOURCE RLSOURCE
llgate n1 n9 = 1e-9
Iisource n3 n7 = 4.69e-10 S1A S2A REREAK
12 13 14 15
m.mmed n16 né n8 n8 = model=mmedmod, I=1u, w=1u 8 1
m.mstrong n16 n6 n8 n8 = model=mstrongmod, I=1u, w=1u
m.mweak n16 n21 n8 n8 = model=mweakmod, |=1u, w=1u
CA

res.roreak n17 n18 = 1, tc1=0.8e-3,ic2=-1¢-6 14
res.rdbody n71 n5 = 3.3e-3, tc1=2.0e-3, tc2=0.1e-5
res.rdbreak n72 n5 = 3.5e-1, tc1=1e-3, tc2=1e-6 e
res.rdrain n50 n16 = 13e-3, tc1=1e-2,tc2=1.75e-5 -
res.rgate n9 n20 = 0.7

res.ridrain n2 n5 = 20

res.rigate n1 n9 =10

res.rlsource n3 n7 = 4.69

res.rslc1 n5 n51 = 1e-6, tc1=2.8e-3,tc2=14e-6
res.rslc2 n5 n50 = 1e3

res.rsource n8 n7 = 4.5e-3, tc1=0,tc2=0
res.rvtemp n18 n19 =1, tc1=-2.75e-3,tc2=0.05e-9
res.rvthres n22 n8 = 1, tc1=-2e-3,tc2=-1.75e-5

spe.ebreak n11 n7n17n18 = 110
spe.edsn14n8n5n8 =1
spe.egsn13n8n6 n8 =1
spe.esgné n10 n6 n8 =1
spe.evtemp n20 n6 n18 n22 =1
spe.evthres n6 n21 n19 n8 =1

sw_vesp.s1an6é n12 n13 n8 = model=s1amod
sw_vcsp.s1b n13 n12 n13 n8 = model=s1bmod
Sw_vesp.s2a né n15 n14 n13 = model=s2amod
sw_vesp.s2b n13 n15 n14 n13 = model=s2bmod

v.vbat n22 n19 = de=1

equations {
i (n51->n50) +=iscl

iscl: v(n51,n50) = ((v(n5,n51)/(1e-9+abs(v(n5,n51))))*((abs(v(n5,n51)*1e6/115))** 4))
}

}

RVTHRES

©2001 Fairchild Semiconductor Corporation
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HUF75639G3, HUF75639P3, HUF75639S3S, HUF75639S3

Spice Thermal Model

REV APRIL 1998
HUF75639

CTHERM1 TH 6 2.8e-3
CTHERM2 6 5 4.6e-3
CTHERMS3 5 4 5.5¢-3
CTHERM4 4 3 9.2e-3
CTHERM5 3 2 1.7e-2
CTHERMS6 2 TL 4.3e-2

RTHERM1 TH 6 5.0e-4
RTHERMZ2 6 5 1.5e-3
RTHERM3 5 4 2.0e-2
RTHERM4 4 3 9.0e-2
RTHERMS 3 2 1.9e-1
RTHERMS6 2 TL 2.9e-1

Saber Thermal Model
Saber thermal model HUF75639

template thermal_model th tl
thermal_c th, tl

{

ctherm.ctherm1 th 6 = 2.8e-3
ctherm.ctherm2 6 5 = 4.6e-3
ctherm.ctherm3 5 4 = 5.5e-3
ctherm.ctherm4 4 3 = 9.2¢e-3
ctherm.ctherm5 3 2 = 1.7e-2
ctherm.ctherm6 2 il = 4.3e-2

rtherm.rtherm1 th 6 = 5.0e-4
rtherm.rtherm2 6 5 = 1.5e-3
rtherm.rtherm3 5 4 = 2.0e-2
rtherm.rtherm4 4 3 = 9.0e-2
rtherm.rtherm5 3 2 = 1.9e-1
rtherm.rthermé 2 tl = 2.9e-1

}

RTHERM1

RTHERM2

RTHERM3

RTHERM4

RTHERMS5

RTHERM6

TH JUNCTION

= CTHERM1
6
> —
>3 == CTHERM2
p:
5
> —
§ == CTHERM3
<
4
> —
§ = CTHERM4
<
3
== CTHERMS5
2
—— CTHERMS6

TL CASE

©2001 Fairchild Semiconductor Corporation
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TRADEMARKS

The following are registered and unregistered trademarks Fairchild Semiconductor owns or is authorized to use and is
not intended to be an exhaustive list of all such trademarks.

ACEx™ FAST @ OPTOLOGIC™ SMART START™ VCX™
Bottomless™ FAST(™ OPTOPLANAR™ STAR*POWER™
CoolFET™ FRFET™ PACMAN™ Stealth™
CROSSVOLT™ GlobalOptoisolator™ POP™ SuperSOT™-3
DenseTrench™ GTO™ Power247™ SuperSOT™-6
DOME™ HiSeC™ PowerTrench® SuperSOT™-8
EcoSPARK™ ISOPLANAR™ QFET™ SyncFET™
E2CMOS™ LittleFET™ QS™ TinyLogic™
EnSigna™ MicroFET™ QT Optoelectronics™  TruTranslation™
FACT™ MicroPak™ Quiet Series™ UHC™

FACT Quiet Series™ MICROWIRE™ SILENTSWITCHER®  UltraFET®

STAR*POWER is used under license

DISCLAIMER

FAIRCHILD SEMICONDUCTOR RESERVES THE RIGHT TO MAKE CHANGES WITHOUT FURTHER
NOTICE TO ANY PRODUCTS HEREIN TO IMPROVE RELIABILITY, FUNCTION OR DESIGN. FAIRCHILD
DOES NOT ASSUME ANY LIABILITY ARISING OUT OF THE APPLICATION OR USE OF ANY PRODUCT
OR CIRCUIT DESCRIBED HEREIN; NEITHER DOES IT CONVEY ANY LICENSE UNDER ITS PATENT

RIGHTS, NOR THE RIGHTS OF OTHERS.

LIFE SUPPORT POLICY

FAIRCHILD'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF FAIRCHILD SEMICONDUCTOR CORPORATION.

As used herein:

1. Life support devices or systems are devices or
systems which, (a) are intended for surgical implant into
the body, or (b) support or sustain life, or (c) whose
failure to perform when properly used in accordance

2. A critical component is any component of a life

support device or system whose failure to perform can
be reasonably expected to cause the failure of the life
support device or system, or to affect its safety or

with instructions for use provided in the labeling, can be effectiveness.

reasonably expected to result in significant injury to the
user.

PRODUCT STATUS DEFINITIONS

Definition of Terms

Datasheet Identification Product Status Definition

Formative or
In Design

Advance Information This datasheet contains the design specifications for
product development. Specifications may change in

any manner without notice.

Preliminary First Production This datasheet contains preliminary data, and
supplementary data will be published at a later date.
Fairchild Semiconductor reserves the right to make
changes at any time without notice in order to improve

design.

No Identification Needed Full Production This datasheet contains final specifications. Fairchild
Semiconductor reserves the right to make changes at

any time without notice in order to improve design.

Obsolete Not In Production This datasheet contains specifications on a product
that has been discontinued by Fairchild semiconductor.

The datasheet is printed for reference information only.

Rev. H4
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Internat

ondl

TSGR Rectifier

Bulletin PD-20675 rev.B 08/04

40CPQO80PbF
40CPQ100PbF

SCHOTTKY RECTIFIER

Major Ratings and Characteristics

Characteristics

Values

Units

Rectangular
waveform

lFMM

40

VRRM

80/100

lFSM @tp=5pssine

2950

VF @20 Apk, TJ=125°C
(per leg)

0.61

-55t0175

°C

Description/ Features

40 Amp

|F(AV) = 4OAmp
Vr = 80 -100V

The 40CPQ...PbF center tap Schottky rectifier has been
optimized for low reverse leakage at high temperature. The
proprietary barrier technology allows for reliable operation up
to 175° C junction temperature. Typical applications are in
switching power supplies, converters, free-wheeling diodes,

and reverse battery protection.

e 175° C TJ operation

® Center tap TO-247 package

¢ High purity, high temperature epoxy encapsulation for
enhanced mechanical strength and moisture resistance

¢ Low forward voltage drop

¢ High frequency operation

¢ Guard ring for enhanced ruggedness and long term

reliability
e L ead-Free ("PbF" suffix)

Case Styles

TO-247AC

Base
Common
Cathode

Anode 5 Anode

Common
Cathode

www.irf.com
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1A78L00 SERIES
POSITIVE-VOLTAGE REGULATORS

SLVS010P — JANUARY 1976 — REVISED JUNE 2002

® 3-Terminal Regulators D PACKAGE
® Output Current up to 100 mA (TOP VIEW)
® No External Components output [l U 1 INPUT
® Internal Thermal-Overload Protection COMMON []2 7 [] commON
® Internal Short-Circuit Current Limiting COMMON [|3 6 [] COMMON
® Direct Replacements for Fairchild tA78L00 NG+ sfINC
Series
NC — No internal connection
description
This series of fixed-voltage integrated-circuit L(F.’ropst\:,'fé\ﬁf
voltage regulators is designed for a wide range of
applications. These applications include on-card INPUT
regulation for elimination of noise and distribution
problems associated with single-point regulation. COMMON
In addition, they can be used with power-pass OUTPUT
elements to make high-current voltage regulators.
One of these regulators can deliver up to 100 mA TO-226AA
of output current. The internal limiting and
thermal-shutdown features of these regulators
essentially make them immune to overload. When PK PACKAGE
used as a replacement for a zener diode-resistor (TOP VIEW)
combination, an effective improvement in output
impedance can be obtained, together with lower L1 INPUT
bias current.
The pA78LO0C and pA78LOOAC series are ( O ] COMMON
characterized for operation over the virtual
junction temperature range of 0°C to 125°C. The ] outpPuT
uA78L0O5Al is characterized for operation over the
virtual junction temperature range of —40°C to The center lead is in electrical contact
125°C. with the tab.

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

PRODUCTION DATA information is current as of publication date.

P'rod;ctds confor{n to specifications per lhedlerms (:I Texas In_sltrymfrgs i
festing of el parameters, | yineue TEXAS
INSTRUMENTS

POST OFFICE BOX 655303 ® DALLAS, TEXAS 75265 1

Copyright © 2002, Texas Instruments Incorporated

Figure A.11: Small heat sink
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JUMO GmbH & Co. KG JUMO Instrument Co. Ltd. JUMO PROCESS CONTROL INC.
Delivery address:Mackenrodtstrae 14, JUMO House 885 Fox Chase, Suite 103

36039 Fulda, Germany Temple Bank, Riverway Coatesville PA 19320, USA
Postal address: 36035 Fulda, Germany Harlow, Essex CM 20 2TT, UK Phone: 610-380-8002
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Data Sheet 90.6121 Page 1/11

Platinum-chip temperature sensors PCA style
with connecting wires
to EN 60 751

Strain re!ief
H for temperatures from -70 to +600 °C : g '
B standardized nominal values and tolerances = x ‘
H resistance values from 20 to 50002 S
H linear characteristic Bonding pad | S0
W fast response = gl ey
H highly resistant to shock and vibration / ‘

H low price level

P

Connecting wires |

=%

Introduction

Platinum-chip temperature sensors belong to the category of temperature sensors that Ceramic substrate
incorporate thin-film techniques. They are produced at JUMO under clean-room
conditions using state-of-the-art technology. A platinum layer, which constitutes the
active layer, is sputtered onto a ceramic substrate and subsequently formed into a
serpentine structure by a photolithographic procedure. Afterwards, a laser trimming
process is used for fine calibration. After calibration, a special glass covering layer is fused
onto the platinum serpentine, as a protection against external effects and for insulation.
The electrical connection is made through contact areas to which the connecting wires
are bonded. Depending on the version, the connecting wires may consist of different
materials and may, within certain limits, also have varying lengths and diameters. A further H H H

glass layer that is applied to the contact area fixes the connecting wires and additionally Technlcal pUb"catlon
provides strain relief.

A large variety of PCA style platinum-chip temperature sensors can be supplied ex-stock

as Pt100, Pt500 or Pt1000 temperature sensors. Special nominal values can be produced Electrical Temperature
on request. High-resistance platinum-chip temperature sensors in small sizes are also Measurement

i i i i ith th L
available. And, thanks to their low mass, very fast response times are achieved. Rt e SR,

Furthermore, they are outstandingly resistant to shock and vibration when installed and
fixed. The operating temperature depends on the particular version, but generally covers
-70 to +600°C. However, these platinum-chip temperature sensors can also be used with
temperatures far below -70°C, provided that shifts in the nominal value and hysteresis
effects, which may occur within certain limits, can be tolerated.

Most temperature applications in the market make use of platinum-chip temperature
sensors as the active component for acquiring temperature. Typical application areas can
be found in HVAC, medical and laboratory technology, white goods, automobiles and
utility vehicles as well as in machinery construction and industrial engineering.

Matthias Neu

This revised edition takes account of altered
JUMO p|atinum temperature sensors standards and recent developments. The
new chapter “Measurement uncertainty”
incorporates the basic concept of the

Construction and application of platinum temperature sensors Data Sheet 90.6000 . | > ot

: internationally recognized ISO guideline
Platinum-glass temperature sensors Data Sheet 90.6021  «Guide to the expression of uncertainty in
Platinum-ceramic temperature sensors Data Sheet 90.6022 rﬁeas;;ement” Igabbriviated: GUM). |

. . n addition, the chapter on explosion
Platinum-foil temperature sensors Data Sheet 90.6023 protection for thermometers has been
Platinum-glass temperature sensors with glass extension Data Sheet 90.6024  updated in view of the European Directive
Platinum-chip temperature sensors with connecting wires Data Sheet 90.6121 33{3/2%%’3Wh'0h has been in force since 1st
Platinum-chip temperature sensors on epoxy card Data Sheet 90.6122 '
Platinum-chip temperature sensors with terminal clamps Data Sheet 90.6123  February 2003, 164 pages
Plati hip t t in cylindrical styl Data Sheet 90.6124  -udlication FAS 146

atinum-chip temperature sensors in cylindrical style ata Sheet 90. Sales No. 90/00085081

Platinum-chip temperature sensors in SMD style Data Sheet 90.6125 ISBN 3-935742-07-X

01.05/00311575

Figure A.12: pt1000 data sheet
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Platinum Resistance Temperature Detector M 422

M series PRTDs are especially robust and are designed for large volume applications where long term stability,
interchangeability and accuracy over a large temperature range are vital. Typical applications are Automotive, White
Goods, HVAC, Energy Management, Medical and Industrial Equipment.

Nominal Tolerance Order No. Order No.
Resistance R, Plastic bag Blister reel
100 Ohm at 0°C DIN EN 60751, class B 32 208 392 32 208 520
DIN EN 60751, class A 32 208 498 32 208 521
DIN EN 60751, class 1/3 DIN 32 208 500 32 208 522
500 Ohm at 0°C DIN EN 60751, class B 32208 414 32 208 523
DIN EN 60751, class A 32 208 501 32 208 524
DIN EN 60751, class 1/3 DIN 32 208 502 32 208 525
1000 Ohm at 0°C DIN EN 60751, class B 32 208 499 32208 526
DIN EN 60751, class A 32 208 503 32 208 527

DIN EN 60751, class 1/3 DIN 32 208 537

The measuring point for the nominal resistance is defined at 8 mm from the end of the sensor body.

Specification DIN EN 60751 (according to IEC 751)
Temperature range -70°C to +500°C (continuous operation)
(temporary use to 550 °C possible)
Tolerance class B: - 70 °C to + 500 °C

Tolerance class A: - 50 °C to + 300 °C Bollcn s 0.9:8:3
Tolerance class 1/3 DIN: 0 °C to + 150 °C
Temperature coefficient TC = 3850 ppm/K ; 3750 ppm/K available H”ﬂ” o
on request 2
v
Leads Pt clad Ni wire “
Recommend connection technology: ‘ ‘ |
Welding, Crimping and Brazing 1 :
I |
Lead lengths (L) 10 mm + 1 mm ‘ ‘ l
Longterm stability max. Ro-drift 0.04% after 1000 h at 500 °C W AL
Vibration resistance at least 40 g acceleration at 10 to 2000 Hz, ‘ ‘ !
depends on installation Il |
Shock resistance at least 100 g acceleration with 8ms half sine uil
wave, depends on installation ©0.2:0.02

Environmental conditions

Insulation resistance

Self heating 0.3 KImW at0 °C
Response time water current (v = 0.4 m/s): tos=0.07 s
too=0.20s
air stream (v = 2 m/s): tos=32s
foo = 11s

Measuring current

Note

We reserve the right to make alterations and technical data printed. All technical data serves as a guideline and does not guarantee
particular properties to any products.

unhoused for dry environments only

> 100 MQ at 20 °C; > 2 MQ at 500 °C

100 Q: 0.3t0 1.0 mA
500 Q: 0.1t00.7 mA
1000 Q: 0.1 to 0.3 mA
(self heating has to be considered)

Other tolerances, values of resistance and wire lengths are

available on request.

Heraeus Sensor Technology GmbH, Reinhard- Heraeus- Ring 23, 63801 Kleinostheim, Germany
Phone: +49 (0) 6181/35-8098, Fax: +49 (0)6181/35-8101, E-Mail: info. HSND@Heraeus.com Web: www.heraeus-sensor-technology.com

name of document: 30910021 Index A

Status: 09/2008

Figure A.13: pt1000 data sheet
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BURR - BROWN® ,,,‘

o INA122

Single Supply, MicroPower
INSTRUMENTATION AMPLIFIER

SBOS069

118

FEATURES

® LOW QUIESCENT CURRENT: 60LA

® WIDE POWER SUPPLY RANGE
Single Supply: 2.2V to 36V
Dual Supply: -0.9/+1.3V to £18V

® COMMON-MODE RANGE TO (V-)-0.1V
® RAIL-TO-RAIL OUTPUT SWING

® LOW OFFSET VOLTAGE: 2501V max

® LOW OFFSET DRIFT: 3uV/°C max

® LOW NOISE: 60nV/VHz

® LOW INPUT BIAS CURRENT: 25nA max
@ 8-PIN DIP AND SO-8 SURFACE-MOUNT

APPLICATIONS

@ PORTABLE, BATTERY OPERATED
SYSTEMS
@ INDUSTRIAL SENSOR AMPLIFIER:
Bridge, RTD, Thermocouple
@® PHYSIOLOGICAL AMPLIFIER:
ECG, EEG, EMG
@® MULTI-CHANNEL DATA ACQUISITION

DESCRIPTION

The INA122 is a precision instrumentation amplifier
for accurate, low noise differential signal acquisition.
Its two-op-amp design provides excellent performance
with very low quiescent current, and is ideal for
portable instrumentation and data acquisition systems.

V+ The INA122 can be operated with single power sup-
T7 plies from 2.2V to 36V and quiescent current is a mere
60pA. It can also be operated from dual supplies. By
INA122 A . . .
vt 3 utilizing an input level-shift network, input common-
NG * 6 .y mode range extends to 0.1V below negative rail (single
8 _ ° supply ground).
100k0) Vo=(VR-ViG A single external resistor sets gain from 5V/V to
G 54 200K 10000V/V. Laser trimming provides very low offset
%RG 25ka Ra voltage (250uV max), offset voltage drift (3uV/°C
510 max) and excellent common-mode rejection.
Package options include 8-pin plastic DIP and SO-8
h surface-mount packages. Both are specified for the
1 —40°C to +85°C extended industrial temperature range.
Vino +
2 100kQ 5 Ref
o
V—

International Airport Industrial Park - Mailing Address: PO Box 11400, Tucson, AZ 85734 « Street Address: 6730 S. Tucson Blvd., Tucson, AZ 85706 « Tel: (520) 746-1111 » Twx: 910-952-1111

Internet: http:/www.burr-brown.com/ « FAXLine: (800) 548-6133 (US/Canada Only) - Cable: BBRCORP - Telex: 066-6491 + FAX: (520) 889-1510 + Immediate Product Info: (800) 548-6132

©1997 Burr-Brown Corporation

PDS-1388B

Printed in U.S.A. October, 1997

Figure A.14: 4 A Dual-Channel Gate Driver ADUM3220 pin configtion
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Sil-Pad® K-10

Features and Benefits

+ Thermal impedance:
041°C-i/W (@50 pd)

« Tough dielectric barrier againg cut-through
+ High performance film
+ Designed to replace ceramic insulators

SkPad K-10 is a high performance insulator. It
combines goedd film with a filled slicone rubber.
The reault isa product with good cut-through
properties and exaslient thermal performance.

ShPad K-10 is designed to replace ceramic
insulators such as Beryllium O xide, Boron
Nitride and Alumina Ceramic insulators are
expensive and they break easily Si-Pad K-10
eliminates breakage and costs much less
than ceramics

The High Rerformance Kapton®- Based Insulator

PROPERTY IMPERIALVALUE METRIC VALUE  TEST METHOD
Color Beige Beige Visual
Reinforcement Carrier Kapton Kapton —
Thidkmness (inch) / (mm) 0.006 0.152 ASTM D374
Hardness (Shore A) 20 90 ASTM D2240
Breaking Strength (lbsfinch) / (KN/m) 30 5 ASTM D1458
Honggtion (%) 40 40 ASTM D412
Tensile Strength (ps) / (MPa) 5000 34 ASTM D412
Continuous Use Temp (°F) / (°C) -76 to 356 -60 to 180 —
HECTRICAL
Dielectric Breakdown Voltage (Vac) 6000 6000 ASTM D149
Dielectric Constant (1000 H2) 37 37 ASTM D150
Volume Redidivity (Ohm-meter) 10 10" ASTM D257
Rame Rating VTM-O VTM-O u.Lo4
THERMAL
Thermal Condudtivity (W/m-K) 13 13 ASTM D5470
THERMAL PERFORMANCE vs PRESSURE
Pressure (psi) 10 25 50 100 200
TO-220 Thermal Rerformance (°C/W) 235 219 201 187 176
Thermal Impedance (°C-in//W) (1) 086 056 041 038 033
1) The ASTM D5470 test fixture was used.The recorded value indudes interfadial thermal resistance. These values are provided for
reference only Actual application performance is directly related to the surface roughness; flatness and pressure applied.

Typical Applications Include:
+ Power aupplies + Motor controls
+ Power ssmiconductors

Configurations Available:
» Sheet form, die-cut partsand roll form
+ With or without presare sensitive adhesive

Building a Part Number Standard Options
SK10 - _0006 - AC - 1212 — NA « example
3 HERR [ opin | compry e, g
3 & 8| § 3 '

= Standard configuration dash number,
1212 = 12" x 12" sheets; 12/250 = 12" x 250" rolls or
00 = custom confiquration

AC = Adhesive, one side
00 = No adhesive

Standard thicknesses avalable: 0.006”

SPK10 = Sik-Pad K10 Materia
Note: To build apart number, visit our website at www.ber grjuistcompany.com.

SkPad®: U.S Patents4,574,879; 4,602,125; 4,602,678; 4,685,987; 4842911 and others.
Kaptor? is a registered trademark of DuPont.

( BERGOUIST ) www.bergquistcompany.com

The Bergquist Company - Asia
Room 15,8/FWah Wi Industridl Centre
No. 38-40, Au Pui Wan Street

The Bergouist Comy The Bergquist Company -
North American Heaiq.lmers Bropean Headuerters

18930 West 78th Street Bramenberg 9a, 3755 BT Eemnes
Chanhassen, MN 55317 Netherlands
Phone:800-347-4572

Fhone: 31-35-5380684
Fax: 952-835-0430 Fax: 31-35-5380295

Al ical i ion and ions herein are based on tests we believe to be reliable, and
THEFOLLOWING ISMADE IN LIEJ OF ALL WARRANTIES, EXPRESSED OR IMPLIED, INCLUDING THE IMPLIED
WARRANTIES OF MARKETAHILITY AND ATNESS FOR PURPOSE Sellers and mmhaue@mlyobhg‘bn shall be to
replace such quantity of the product proved to be defective. Before udng user shall determine the suitability of the product
for itsintended use, and the user assimes dl risks and Eability whatsoever in connection therewith NBTHER SHLERNOR
MANUFACTURER SHALL EE UAELE ETHER IN TORT ORIN CONTRACT FORANY LOSS OR DAMAGE DIRECT,
INHCEID’EIAEIHR OONSJUENTIAL, INCLUDING LOSS OF FRORTS OR REVENUE ARIING OUT OFTHEUSEOR

Fotan, Shatin, N.T. Hong Kong .No statement, purchase order or recommendations by ssller or purchaser not
Ph:852.2690.9296 contained herein shall tme myfor(e or effect mhsn an agreement signed by the ofiicers of the seller and manufacturer.
Fax:852.2690.2344 PDS P K10_12.08

Figure A.15: Thermal isolation pad
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austerlitz electronic
Kuhlschienen

Extruded profiles / Profiles extrudes de refroidissement

Lange (mm): 25/37,5/50/75/100/150/ KSS0- 2537550 75 100 150
KS 50 1000 YTV =
Gewicht (g/cm): 54 % a0l »
(=]
2% %
29 E o
Py ~ %20 {
26 iy 0 20 30
' 50 Verlustleistung P (W)
Ry KW ca. 35bzw. 1,9 Bestell-Nr. KS 54.1-37,5 E 3 x M3
Meteria: AIMgSi 05 KS54.1-75E6 x M3
Oberflache: schwarz eloxiert
Gewicht (g): 50 bzw. 100 s s s e
Gehduse: TO 220 00T - I -
s T I
B |
Sol &
T
Q
5
= 20 30

10
Verlustleistung P (W)

Lénge (mm): 25/37,5/50/75/100/150/ KS 541- ys s0 7
KS 54.1 o 5

_100
. x 3100
Gewicht (g/cm): 13 % 80 T Tso
2 1 A
2
£
2
8 4 =
2
a 4
5 | |
20 30

10
Verlustleistung P (W)

Figure A.16: Small heat sink
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austerlitz electronic
Kuhlschienen

Extruded profiles / Profiles extrudes de refroidissement

Lange (mm): 50/75/100/150/1000 KS 108- 2%
Gewicht (g/cm): 25,6

3
S

< <1375
% 80 50
- 108 * 3 1o
250 L1 41 L4100
g T
gl.G A ey 150
- 7
§20 —
§ AT 111
= 10 20 30
Verlustleistung P (W)
— -965——
Lange (mm): 50/75/100/150/1000 oo 1™ 25
Gewicht (g/em): 17,5 2! T s
% 80 ]
) Zay
S 60 | L1 L [
_ £ | 11T 1 150
T'_36 ELO PZi% = 1T
© g 2 ///
N 5
= 10 20 30
Verlustleistung P (W)
1143
K 1 12 1 Lange (mm): 50/75/100/150/1000 oo_KS 1121- 5
. Gewicht (glem): 87 "% B
33’80 =17
=) 100
98 ésc = =ie0
$uw -
5 %
gzc ]
£
.2
30 60 20
Verlustleistung P (W)
112
Lange (mm): 37,5/50/75/100/150/1000 KS 120.9- 315
. Gewicht (g/em): 59,2 _100 a
X
§ 80| 175
120 S e
Q —
e 1
36 S 40 11
© L1
520
R %
15
25 50 75

Verlustleistung P (W)

50

Figure A.17: Big heat sink
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Appendix B. Matlab code

1/ *

2 * FileName: counter.c

3 % Author : Ibrahim Malik <abraheeml982b@gmail.com>

4 * Date . 2013-06-24

5 * */

6 HHEHFEEHFE AR R R R R
7 Draw drive circuit waveforms

s FHFHFHFHFHFFFHF RS FFF R FEF A H AR F A H A H AR AR AR AR

10 clear

11 close all

12 clc

13 name=[""1];

14 kommandol=[’"load C1C00004’,name,’ .dat’]

15 kommando2=['"load (C2C00004" ,name,’ .dat’]

16 kommando3=[’"load C3C00004’,name,’ .dat’]

17 kommando4=["1load C4C00004",name,’ .dat’]

18 kommando5=[’"load ClC00005’,name,’ .dat’];
[ ]
[ ]
[ ]
[ ]

19 kommandoé6=[’"1load C2C00005",name,’ .dat’
20 kommando7=["load C3C00005”,name,’ .dat”’
21 kommando8=["load C4C00005" ,name,’ .dat”’
2 kommando9=["1load C1C00006’,name,’” .dat’

23 kommandol0=[’1load_C2C00006" ,name,’ .dat’]
24 kommandoll=["1load C3C00006",name,’ .dat’]
25 kommandol2=[’"1load _C4C00006" ,name,’ .dat’]
26 kommandol3=["1load C1C00007’,name,’ .dat’];
27 kommandol4=["1load C2C00007",name,’ .dat’]
28 kommandolb=["1load C3C00007",name,’ .dat’]
29 kommandol6=[’"1load _C4C00007" ,name,’ .dat’]
30 kommandol7=["1load _vgs4’,name,’ .dat’];
31 kommandol8=[’load vgg4’,name,’ .dat’];
32 kommandol9=[’load_ig4’ ,name,’ .dat’]
33 kommando20=["1load _vggb’,name,’ .dat’
34 kommando2l=[’load_vgs5’,name,’ .da
35 kommando22=[’"1load_ig5’,name,’ .dat’]
36 kommando23=[’"1load _vggé6’,name,’ .dat”’
37 kommando24=["1load _vgsé6t’,name,’ .dat’
38 kommando25=['load_ig6’ ,name,’ .dat’];
39 kommando26=[’load_vgg7’,name,’ .dat’
["load_vgs7/’,name,’ .dat’
["load_ig7’,name,’ .dat’];

1;
71.

14

o

’

1;
]I
’
40 kommando27=
41 kommando?28=

o~

14 .
14
14

42

43

44 eval (kommandol)
45 eval (kommando?2)
46 eval (kommando3)
47 eval (kommando4)
48 eval (kommandob)
49 eval (kommando®6)
50 eval (kommando7)
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59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

eval (kommando8)
eval (kommando9)
eval (kommandol0)
eval (kommandoll)
eval (kommandol2)
eval (kommandol3)
eval (kommandol4)
eval (kommandolb)
eval (kommandol6)
eval (kommandol?7)
eval (kommandol8)
eval (kommandol?9)
eval (kommando20)
eval (kommando21l)
eval (kommando22)
eval (kommando?23)
eval (kommando24)
eval (kommando25)
eval (kommando26)
eval (kommando27)
eval (kommando28)

subplot (2,2,1)

al=Cc1Cc00004(:,1);

b1=C1C00004 (:,2);

plot (al.*x1e9,bl+6,’k’,’ Linewidth’,2)
grid

hold on

az2=C2c00004(:,1);

b2=C2C00004 (:,2);

plot (a2.%1e9,b2+6,’ g’ ,’ Linewidth’, 2)
a3=C3c00004(:,1);

b3=C3C00004 (:,2);

plot (a3.x1e9, (b3x10/4.7),’'m’ ,’Linewidth’, 2)
ad=C4c00004(:,1);

b4=C4C00004 (:,2);

plot (ad4.*1e9,b4/0.02,’c’,’  Linewidth’,2)
ab=vgsd(:,1);

b5=vgsd (:,2);

plot (a5-3,b5,’——g’,’Linewidth’, 2)
a6b=vgg4d (:,1);

bé6=vggd (:,2);

plot (a6-3.6012,b6,"——k’,’Linewidth’,2)
a7=1ig4d (:,1);

b7=igd (:,2);

plot (a7+7.9,b7," ——m’,"Linewidth’, 2)
xlabel ("time (ns)’,’ fontsize’,14)
axis([-5 190 -5 151);

Appendix B. Matlab code

legend (' vgg_meas.’,’vgs meas.’,’I G differential’,’IG_Rogowksi’,...
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102

103

104
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108

109

110

111

112

113

114

115

116

117

118

119

120
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123
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125

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

../ vgg_sim’,’vgs,_sim’,’I_G_,sim’)
legend (' vgg_meas.’,’vgs_meas.’,’I1_G_differential’,’IG_Rogowksi’)
title (’ (RG=4.7\0Omega, C=10nf)_Turn-On’)

subplot (2,2,2)
al=C1lC00005(:,1);
b1=C1C00005(:,2);
plot(al.x1le9,bl+6,’k’, " Linewidth’, 2)
grid
hold on
az2=C2C00005(:,1);
b2=C2C00005(:,2);
plot(a2.x1e9,b2+6," g’ , Linewidth’, 2)
hold on
a3=C3C00005¢(:,1);
b3=C3C00005(:,2);
plot (a3.x1e9, (b3/4.7)%10,’m’,’ Linewidth’,2)
hold on
ad=C4Cc00005(:,1);
b4=C4C00005(:,2);
plot (ad4d.x1e9,04/0.02,’c’,’ Linewidth’,2)
ab=vgsb(:,1);
bb5=vgs5(:,2);
plot (a5-11.65,b5+12,"--g’,’ Linewidth’, 2)
ab=vgg5(:,1);
bé6=vgg5(:,2);
plot (a6-11.65,b6+12,” ——k’,’Linewidth’, 2)
a7=ig5(:,1);
b7=1ig5(:,2);
plot(a7,b7,’”—m’,’ Linewidth’, 2)
legend(’'vgg’,’vgs’,’I_G_differential’,’ IG_Rogowksi’)

legend (' vgg_meas.’,’vgs_meas.’,’'I G differential’,’IG_Rogowksi’

.."vgg_sim’,’vgs_sim’,’I_G_sim’)

legend (' vgg_meas.’,’vgs_meas.’,’'I_G_differential’,’IG_Rogowksi’)
xlabel ("time (ns)’,’  fontsize’, 14)
axis([-40 190 -5 151);
title (' (RG=4.7\Omega, C=10nf) _Turn-0ff’)

subplot (2,2, 3)

al=C1lC00006¢(:,1);

b1=C1C00006(:,2);
plot(al.x1e9,bl+6, k", "Linewidth’,2)
hold on

a2=C2C00006(:,1);

b2=C2C00006(:,2);

plot (a2.x1e9,b2+6,’g’,’ Linewidth’, 2)
a3=C3C00006(:,1);

b3=C3C00006(:,2);
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172
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177
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179

180

182

183

184

185

186

188
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190

192

193

194

196

197

198

199
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Appendix B. Matlab code

plot (a3.*1e9, (b3x10/1),’'m’,’ Linewidth’,2)

ad4=C4C00006(:,1);

b4=C4C00006(:,2);

plot (a4d.%1e9,b4/0.02,’c’,’ Linewidth’, 2)

ab5=vgs6(:,1);

b5=vgs6 (:,2);

plot (a5-4,b5,’--g’,"Linewidth’, 2)

ab=vgg6 (:,1);

bé6=vgg6 (:,2);

plot (a6—-4,b6,’—=k’, Linewidth’, 2)

a7=ig6(:,1);

b7=ig6(:,2);

plot (a7+4,b7,’—m’,’Linewidth’, 2)

axis([-20 150 -5 151);

legend (' vgg_meas.’,’'vgs_meas.’,’I_G differential’,’IG_Rogowksi’,...
..'vgg_sim’,’vgs_sim’,’I_G_sim’)

legend (' vgg_meas.’,’'vgs meas.’,’I_G _differential’,’IG_Rogowksi’)

xlabel ("time (ns)’,’ fontsize’, 14)

title ('’ (RG=1\Omega, C=10nf)_Turn-0On’)

grid

subplot (2,2,4)

al=C1lCc00007(:,1);

b1=C1C00007(:,2);

hold on

a2=C2Cc00007(:, 1);

b2=C2C00007(:,2);

plot (a2.%x1e9,b2+6, g’ ,  Linewidth’, 2)

a3=C3C00007(:,1);

b3=C3C00007(:,2);

plot (a3.%1e9, (b3%x10/1), 'm’,  Linewidth’, 2)

ad=C4Cc00007(:,1);

b4=C4C00007(:,2);

plot (a4.%1e9,b4/0.02,’c’,’ Linewidth’, 2)

plot (al.*x1le9,bl+6,’k’,’  Linewidth’, 2)

ab=vgs7(:,1);

b5=vgs7(:,2);

plot (a5-20,b5+12,"—-g’,’Linewidth’, 2)

ab=vgg7(:,1);

bé6=vgg7(:,2);

plot (a6-18,b6+12,’—=k’,’ Linewidth’, 2)

a7=ig7(:,1);

b7=ig7(:,2);

plot (a7+4,b7,’—m’,’Linewidth’, 2)

legend (' vgg_meas.’,’'vgs_meas.’,’I G differential’,’IG_Rogowksi’,...
..'vgg_sim’,’'vgs_sim’,’ I_G_sim’)

legend (' vgg_meas.’,’'vgs _meas.’,’I_G differential’,’IG_Rogowksi’)

xlabel ("time (ns)’,’ fontsize’, 14)

title (' (RG=1\Omega, C=10nf) Turn-0ff’)
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201
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203

205

206
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208
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227

228

236

237

246

axis ([-50 150 -5 1571);
grid

(s s E LTI EE S ES SIS ST IS ESEES SIS LS LSS IS LS LS
PT100 resistance versus temperature

FHEF R R ARSI E A

a=3.9080e-3;b=-5.801%e-7;

alpha=0.003850;

t=-50:0.1:600;
r=1000* (1+a.*t+b.xt . 2);

plot(t,r, LinewWidth’,2.5)

grid
axis ([0 200 900 20001);

xlabel (' temperature (\circC)’,’  fontsize’,14);
ylabel (' Resistance (\Omega)’,’ fontsize’,14);
set (gca,’ fontsize’, 14)

FEEER AR R
PT100 resistance versus bridge voltage
(s s IS IS SIS SIS E TSI E LSS LS

R=20:5000;
v1=4.927% ((R./(R+1000))—-((998/(998+998))));
plot (R,vl, Linewidth’,2.5)
grid
axis ([-500 5500 -3 2 1);
xlabel ("PT1000_resistance (\Omega)’,’ fontsize’,b 14);
ylabel (" V_{output} (volt)’,’  fontsize’,b 14)
set (gca, ' fontsize’,14)

FHER AR R R R R R R R R
temperature versus voltage
FHEFFA AR AA R AR AR AR AR AR R R

a=3.9080e-3;b=-5.801%e-7;
alpha=0.003850;
t=-50:0.1:600;
r=1000* (1+a.+t+b.»t."2);
v1=4.927% ((r./ (r+1005))—((998/(998+998))));
plot (t,vl)
grid
axis ([-100 650 —-0.5 1.5 1);
xlabel (' Temperature (C) ") ;
ylabel (V_{output} (volt)"’)
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253 HEHFEHFFEEE R
254 Calibration of PT1000
255 HEHFEEHFEEEF AR

257 TA=[ 194.2; 183.1; 180; 177.1; 173.2; 170.1;

164.6; 158.7; 148.1; 144.0; 136.4; 131.7; 125;

118.3; 109.9; 102; 94.8; 86.1; 81.1; 75.8;

64; 58; 52.8; 47.5; 42.1; 37.5; 34.3;

29.8; 24.0; 21.5; 1;
258 CHO=[3.344194; 3.203159; 3.162729; 3.125034; 3.073923; 3.032883; 2.959971; 2.881062;
250 2.736821; 2.680742; 2.571765; 2.504851; 2.406592; 2.307346; 2.177363; 2.051934;
260 1.936038; 1.789497; 1.704031; 1.614587; 1.404600; 1.288809; 1.185977; 1.086462;
261 0.976636; 0.881125; 0.812607; 0.727368; 0.596313; 0.541821;1;
262
263 CH1=[3.342336; 3.200129; 3.159392; 3.123198; 3.071731; 3.031072; 2.959045; 2.880742;
264 2.735735; 2.679451; 2.570498; 2.504280; 2.405698; 2.306960; 2.175264; 2.050818;
265 1.934121; 1.789111; 1.703948; 1.613850; 1.406125; 1.289175; 1.183723; 1.083975;
266 0.973652; 0.878699; 0.812766; 0.712183; 0.583398; 0.517627;1;
267
268 CH2=[3.337473; 3.196716; 3.155037; 3.118198; 3.066323; 3.025950; 2.954072; 2.874822;
260 2.729402; 2.675239; 2.565720; 2.498970; 2.400320; 2.302905; 2.171270; 2.048293;
270 1.932781; 1.784390; 1.698967; 1.608894; 1.399150; 1.284060; 1.181694; 1.082830;
7 0.971804; 0.876465; 0.807974; 0.712036; 0.582788; 0.536670;1;
272
273 CH3=[3.346555; 3.200815; 3.159304; 3.122710; 3.074609; 3.030188; 2.958860; 2.879626;
274 2.734314; 2.678594; 2.570066; 2.503669; 2.405334; 2.306946; 2.175234; 2.050735;
275 1.935686; 1.789380; 1.704019; 1.614282; 1.405859; 1.289985; 1.190271; 1.086213;
276 0.976431; 0.879285; 0.810449; 0.722510; 0.591895; 0.538354;];
277
278 CH4=[3.344895; 3.199175; 3.158762; 3.121733; 3.069810; 3.029114; 2.956909; 2.878374;
279 2.734038; 2.676077; 2.568308; 2.500881; 2.402302; 2.304663; 2.173171; 2.047578;
280 1.931335; 1.787339; 1.701602; 1.612085; 1.402300; 1.285830; 1.178989; 1.086013;
281 0.976035; 0.881091; 0.814436; 0.723291; 0.593091; 0.548682;1;
282
283 CH5=[3.341516; 3.202056; 3.161638; 3.125063; 3.073855; 3.032356; 2.959954; 2.881086;
284 2.736387; 2.680737; 2.571494; 2.505100; 2.406941; 2.307722; 2.177095; 2.052119;
285 1.935742; 1.791228; 1.705183; 1.616064; 1.406296; 1.289172; 1.185969; 1.086025;
286 0.976401; 0.881274; 0.813015; 0.712085; 0.579370; 0.537085;1;
287
288 CH6=[3.330281; 3.193079; 3.150171; 3.113428; 3.061567; 3.020715; 2.949360; 2.871060;
289 2.725437; 2.668870; 2.559148; 2.492827; 2.395005; 2.295012; 2.165254; 2.040840;
290 1.923828; 1.779568; 1.693396; 1.603926; 1.396138; 1.279297; 1.172224; 1.077075;
291 0.967004; 0.871724; 0.805334; 0.726562; 0.595776; 0.547412;1;

293 CH7=[3.336067; 3.193638; 3.154177; 3.117192; 3.066372; 3.025012; 2.953489; 2.873726;

294 2.729553; 2.673293; 2.563777; 2.497175; 2.399114; 2.300947; 2.170850; 2.045710;
295 1.930425; 1.787212; 1.699377; 1.611172; 1.399927; 1.285125; 1.178923; 1.085403;
296 0.974976; 0.880830; 0.812964; 0.729321; 0.599634; 0.546753;1;
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297
298
299
300
301
302
303
304
305
306
307
308
309
310

311

323

340

130

FHEE AR R R R
fitting curve

FHAFE SRR R

FitCHO=fit (CHO, TA, "poly2’);

FitCHl1=fit (CH1,TA, poly2’)

FitCH2=fit (CH2, TA, 'poly2’);

FitCH3=fit (CH3,TA, "poly2’);
( )
( )
( )

14

FitCH4=fit (CH4, TA, "poly2’);
FitCH5=fit (CH5, TA, "poly2’
FitCH6=fit (CH6, TA, "poly2’);

FitCH7=fit (CH7,TA, 'poly2’);

FHEH R R R R R R

voltage versus temperature

FREFHFHFH BB BB BB BB BB BB F BB BB R B RS

r

x=0:0.01:5;
y0A=F1itCHO
y1A=FitCHI1
y2A=FitCH2
y3A=F1tCH3
y4A=FitCH4
y5A=F1tCHS5
y6A=F1itCH6
y7A=FitCH7

r

r

14

r

r

r

r

(x)
(x)
(x)
(x)
(x)
(x)
(x)
(x)

14

plot (x,vy0A,x,v1A,x,y2A,x,V3A,x,v4A) ,grid
ylabel (' temperature C’)
xlabel (' raw_voltages”’)

legend (' CHOA’, ' CH1A’,’CH2A’, CH3A’,’ CHA4A’, ' CHS5A’,’CH6A’, ' CHTA")

FHAFE SRR R
temperature versus time

FHERFER R AR AR R R R R
load (' testmatning34.1lvm’)

kanal(O=testmatning34 (:
kanall=testmatning34 (:
kanal2=testmatning34(:
kanal3=testmatning34(:
kanald=testmatning34 (:
kanalS5=testmatning34 (:
kanalé6=testmatning34 (:
kanal7=testmatning34(:

x1=0:1length(kanall)-1;

y0A=FitCHO (kanal0);
y1A=FitCH1 (kanall);
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347 y2A=FitCH2 (kanal?) ;
348 y3A=FitCH3 (kanal3);
349 v4A=FitCH4 (kanald) ;
350 y5A=FitCH5 (kanalb) ;
351 y6A=FitCH6 (kanalb) ;
352 y7R=FitCH7 (kanal7) ;

354 vjunc=(0.43932+Riso+Rhs) xPd+y3A;

356 load(’datalbb5.csv’);
357 o=datalb55(:, 1
358 p=datalb555(:,
359 g=datal777(:,3
360 1=datal777(:,4

)i

Iz

)
2
)
) .

Iz

363 a=3.908e-3;b=-5.801%9e-7;
364 R0=1005« ( (kanal0./(4.933%5))+0.5)./(0.5-(kanal0./(4.933%5)));
365 T0=(—a+sgrt (a"2- (4xbx (1-(R0./1000)))) )/ (2xb);

367 R1=1005* ((kanall./ (4.933%5))+0.5)./(0.5-(kanall./(4.933%5)));
368 Tl=(-at+sgrt(a"2- (4»bx (1-(R1./1000)))) )/ (2%b);

370 R2=1005* ( (kanal2./(4.933%5))+0.5)./(0.5=(kanal2./(4.933%x5)));
371 T2=(—a+sqrt (a"2— (4xb* (1—(R2./1000)))) )/ (2%b) ;

372

373 R3=1005%* ((kanal3./(4.933%5))40.5)./(0.5=(kanal3./(4.933%5)));
374 T3=(—a+sgrt (a”2— (4*bx (1-(R3./1000)))) )/ (2xb) ;

375

376 R4=1005* ( (kanal4./ (4.933%5))+0.5)./(0.5—(kanal4./ (4.933%5)));
377 T4= (—a+sgrt (a”2— (4xb* (1-(R4./1000)))))/ (2xb) ;

378

379 plot (x1,y0R,’y’,x1,y1A,'m’ ,x1,y2R, ¢’ ,x1,y3A, v ,x1,y4A, g’ ,x1,y5A,"'b", ...

380 c..x1,y6A, —1r’ ,x1,y7A, k", LineWwidth’,2.5)
381 legend (' T_amb’,’'T_case’,’T_gate {bottom}’,’T_source {top}’,’T drain {top}’,...
382 .../ Tgate_ {top}’,’T source_{bottom}’,’T_drain {bottom}’)

383 xlabel ("time_ (s)’,’ fontsize’,14)

384 ylabel (' temperature_~\oC’,’ fontsize’, 14)
385 axis ([-100 2000 20 4001);

386 grid on
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