F8: Krafthalvledarforluster och
kylning
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Om dagens forelasning!

Termisk design ar en av de viktigaste ingredienserna i
kraftelektronisk design, i synnerhet for effekter hégre an nagon
kW.

Aven om verkningsgraden for en kommersiell frekvensomriktare
ofta ar hdgre an 98 % sa motsvarar nagon procent av 1-10000 kW
mycket varme.

Dessutom kravs i de flesta fall att kiseltemperaturen ar under 125-
150 °C.

Det ar alltsa av stor vikt att forlusterna kan uppskattas med
tillfredstallande noggrannhet och kiseltemperaturen beraknas
utifran dessa uppskattade forluster och termiska data for
komponenter och kylare.
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Industrial Electrical Engineering

Hitintills....

...har vi antagit att for en halvledare galler:

(off) = P,

oss ~

Men sa ar det ju inte i verkligheten...

and Automation
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Kommutering
- viktigt att forsta
o o ] VGS
Tillslag av transistorn: |
+Styrsignalen till transistorn hog — i
*Strdmmen i transistorn 6kar | |
*Samtidigt minskar strdmmen i ; ;
dioden eftersom i, + i, =1, o '
*Né&r strommen i dioden nar noll L vr ! .
blir dioden backspannd A i
*Spénningen over transistorn /N ; / \
borjar falla /L A
o1 1 Thika

Franslag av transistorn: taion 1 taep
+Styrsignalen till transistorn lag z,

*Spanningen over transistorn
stiger

*Néar v,=V,, blir dioden framspénnd
och bdrjar leda

*Strommen i transistorn minskar




Halvledarforluster

VGS

Eou Esw.oﬂ

Esw,nn

Switchforluster proportionella mot:

« switch frekvens

« till- och franslagstider

Ledférluster proportionella mot:

 strommen
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Kalla: Semikron
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Industrial Electrical Engineering

Kylning

- En enkel modell av en komplicerad verklighet

Heat-sink

Virtual junction Case

virual T,
junction —_—— = T
A'n'n'n'
package  Te..
case at . HD'y-c
mount R h
t
Tﬁea!‘iﬂk
Py P=]
L -

7;201(

Figure 5.1. Semiconductor thermal dissipation equivalent circuit.

V=R'I
T=R, P

T [K,°C]
P [W]
R, [K, °C /W]
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Kylare
- Typiska data

165 mm
2k
| ZE (/W) anodised

T

6

i

|
|
|

Matt black

Resa

1+

P Al
cooled ~Cu
) 1 " It
50 75 100 125 150
Length {mm)
(a) ()
(Watts) (Watts)}
100 100
75
80 80
< ]
S E=1
= 60 o 3 €0
2 25mm gz
8 40 3 40

Anodised

20

o 20 40 60 80 100 (K)
K rise at centre of heat sink above ambient
{c)

4] 20 40 60 80 100 (K)
K rise of centre of heat-sink above ambient

{d)

Figure 5.6. Heat-sink typical data (for aluminium and copper):
(a) cross-section view; (b) heat-sink length versus thermal resistance for a matt black surface finish;
(c) temperature rise versus dissipation for an anodised finish and different lengths; and
(d) as for (c) but with a matt black surface finish.




Kraftmodul

power cycle

crack
Si chip i‘_
solder layer,

Cu foil
insulation substrate with \

adhered copper foil both
sides

Aluminium
wire

thermal cycle
crack

Cu foil ——m

solder layer
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Electrical Engineering

Al:N:
substrate

number of thermal cycles until failure
a
typical substrate thermal resistance
IS
5

1 | | | | I I

t T T T T T > T T T T T T -
o 02 04 08 0s 1 12 0 1 2 3 4 5 6
copper thickness ~ mm water flow  Umin

Figure 5.8. Direct copper bonding:
(a) sectional view of power module substrate showing boundary regions where power cycle cracking
and thermal cycle cracking, occur; (b) copper thickness affect on power failure; and
(c) thermal resistance dependence on liguid cooling flow rate and substrate material.

Termiska problem
- "Thermal cycling” och "power cycling”

—— 100W

=

=} t, = 10 ms pulses

] Power =02

§

= ta | t

e I T. )
= 7 T T AT =80°C
© Junction —. !

temperature - — —— — — —_

= [~ T =

% (a)

£

o

= - 100W

'iJ Power tp = 1 ms pulses
.8 5=0.2

=

° t

<

Junction OSSNSO AT = 3000

temperature

(b)
Figure 5.9. Waveforms illustrating that peak junction temperature is a function of switching
frequency: (a) lower switching frequency with 10 ms pulse and a 20 per cent duty cycle and
(b) high frequency and 1 ms pulse with a duty cycle the same as in (a).




Kylning
- Transient termisk impedans

Motsvarighet till impedans fér elektriska periodiska signaler.
Ofta ar det fullt tillrackligt att rakna pa termisk resistans men

= . . . .

= exempelvis transient tunga motordrifter som kranar och hissar
i35 dar man har problem med thermal eller power cycling kan det
=} . I . . . . .

s vara nodvandigt att ta hansyn till den termisk impedansen.

(S r({p)

< 100 5=05

3 02

= [ t,

_g B 0.1 Dutyfactor,6=?D

8 31008 T = To =Py 2y lty, )

w N oo [ singlepulse ™ ¢ TP “0i=cter

'% 001 L+ vy ]
3 10°2 510%2 510°%2 51022 510'2 5102 5 10

t,, square wave pulse duration (s)

Figure 5.10. Transient thermal impedance curves;
normalised with respect to the steady state thermal resistance, Rgj.c.

Kylning
- Vatskekylning

single piece,
bent copper tube

Fluid inlet/outlet
Stainless steel or
copper tubing for

=
o fluid compatibility
= =
g Tin
(
kel [
=
< {
Ee) AN Tou
= P
© ® Larger diameter for
low fluid pressure drop
Machinable

mounting surface ‘ i ii \

Metal to metal pressed interface for
optimal thermal performance and reliability

Figure 5.47. Compact indirect cold-plate spreader water-cooler.

o
c
=
]
1]
£
o
=
i}
©
L
i=]
=
o
K5}
L
]
is
=)
1]
=]
°
=

@ " oo ¢ et &

3 o € ¢

e a & o® & &
—AMN—O—AMN—O0—AWN—O— WW—O—AMN——O

Q .

2 ]

\ =/ mEs—2

748 = —— I -

— =

(8 [ | — = 25

AN - =

N ENY A —— 2 = °

Cu

Figure 5.46. Improved cooling with compact indirect cold-plate spreader water-cooling.




Kylning

- Flera forlustkallor pa samma kylare
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Effektforluster (I)
- Fran tillverkarens datablad

* Normalt behéver man inte ta hansyn till transistorns eller
tyristorns ingang vid den termiska designen.

» For de flesta halvledare behéver man inte ta hansyn till
forluster i fran-tillstand (eng. off) eftersom lackstrommarna
ar valdigt sma.

and Automation

+ Forlusterna man ar intresserad av ar medelforluster dvs

Boss = f; J.V(t)l(tﬂt = f)cond + va
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Effektforluster (Il)

- Fran tillverkarens datablad
» Ledférlusterna ges av:
Vs

C . . —
"% f)cond = fs '[von (t)'lon (tyt = {Antag Al << I} = (VSO + RSI)I ’ DS
g 0 600 /
g ]
=  Dar [ ar utstrommen, Vg, &r den A IR /7/
c o -
stromoberoende delen av i
(= - . m E | —1
8 framspéanningsfallet, R ar e
. 300 — 0y
= ledresistansen hos komponenten och VstV A
= D, ar duty-cyceln.
2 g e RV
9 o T T L Ic
m  Observera att for ‘ H‘ Toesc 0
— . 400 e t
©  MOSFETwen&r Vg=0 | o WVttt
= _ 300 Figure 3.3.15 Typical output characteristics of an IGBT
E och R= RDS(M). //4_
S
100 % /.———75\;_A4

Effektforluster (lll)

- Fran tillverkarens datablad

» Antag resistivt beteende:
I 1,

[)cond = f:v J.von (t) ion (t)jt = f:v J.RS ' iozn (t}it = RS ' II%MS
0 0

and Automation

* Antag litet strémrippel:
1 1

Pcond = f; '[von (t) ion (tyt = ]ps J.RS ) iozn (t}l’t = RS ' jz
0 0

» Antag konstant spanning:
£, f

P = fo [0 (01, 0WE = £, [v,, 1, (0ME =,

o
c
=
]
1]
£
o
=
i}
©
L
i=]
=
o
K5}
L
]
is
=)
1]
=]
°
=

N~




Effektforluster (IV)

- Fran tillverkarens datablad

'
'
_.L\ i : Ve
5 ) —AC I
E | ! 1 !
: /\ /.
= ' | ) |
2 R "
ko] v bri : tﬁ/ ' oty : tﬁ '
c " ' ' Vo , '
o td(on) ! tdof) !
cdmm e Leee Vel
Esw,on FEon Esw,aﬁ'

« Switchforlusterna antas kunna beskrivas med

V., -I-t V., -1t
Psw,on+Psw,oﬁ':Psw:f:v'( de 5 on 4 _de ) on):

= f‘s : (Esw,on + Esw,oﬁ' ) = fs ' Esw

Industrial Electrical Engineering

Effektforluster (V)

- Fran tillverkarens datablad

* | datablad anges ofta E,FE,,) *[Tmw<
§ OochE,(=E, ) bade som e A
= numeriska varden och som 60 [le =304 (ea
§ funktion av gate-resistansen R, =
=« Om man vill berékna 0 — N
switchférlusterna vid en annan
é mellanledsspanning 7, och "
= utstrdm 7 &n den som anvands i T =&
= databladet V,, och [, sd maste "
il man skala om switchfoérlusterna: ~ °
LI% 0 Re 2 4 6 [] 8
g E E, v,
-§ })sw,on +}iw,off :]ps ( = V;lc]—'_ il I/dc‘[j:fs .I/d—cj'(EorLO +Eoff0)

I/dd)[ 0 V:i 0] 0

Cl




Effektforluster (VI)

- Fran tillverkarens datablad

* Dioden saknar tillslagsforluster

+ Dioderna har franslagsforluster

c
S .
‘g pa grund av reverse-recovery
5 E
3
< — . r_,
E B’r _f;“ V Vi I/dcl
dc0™ 0
80 —
T, =150°C
(mJ] | [Vee = 600 v
Vor =+ 15V
60 [[lc =300A Eon

o = reverse-recovery

- - 9  reve
10 P strommen flyter

genom transistorn

Industrial Electrical Engineering

Kylardimensionering
- Hur gor man?

1. Berdkna maximalt tillatna

3. Berakna vilken termisk
resistans (for kylaren) som
behdvs

Th:Ta"'Rthha'zF:i,i = Rthha:(Th_Ta) Zpd,i
i=1

i=1

kylartemperaturen for varje Riyer R
5 komponent: : *
T r,(1) T T
E _ _ . dl . g3l cl
§ T,; _Tj,i Fy; (Rthjc,i+Rthch,i) Ria
° ) [ =
o 2. Den komponent som kraver - r L
£ lagst kylartemperatur kommer i R R ’
g att bestdmma maximailt tillaten W i | —
5 kylartemperatur - =
E Pu(1) T, T, T,
& 7,=min(7,) : : :
b o
w a
B =
g
e
=
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Kylardimensionering
- Exempel

En transistor i en TO-3 kapsel har en forlusteffekt pa 26W
Rinjc = 0.9 °C/W

Ett lager mica placeras mellan transistorn och kylaren
Rip,cn = 0.4 °C/W

Kiseltemperaturen tillats vara 125 °C
Omgivningstemperaturen kan maximalt vara 55 °C

Vilken termisk resistivitet far kylaren maximalt ha?
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