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Heat transfer occurs through three mechanisms:

* Radiation. mssssssssmm) Only significant for space applications.
* Conduction.

) Significant for general

* Convection. power applications.

* Conduction: the heat is transferred by the vibratory motion of atoms or
molecules.

* Convection: the heat is transferred by mass movement of a fluid. It could be
natural convection (without a fan) or forced convection (with a fan).

* In both cases, the heat transfer process can be approached using equivalent
electric circuits.

* However, a detailed study of the heat transfer mechanisms is more complex
and it is beyond the scope of this course.



Thermal model for a power semiconductor device () 56181
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* Typical mechanical structure used for mounting a power semiconductor device

Bonding wire Semiconductor junction

/

Case
Interface

(e.g., mica)

\ Header (Cu, Al or Ti)

Heat sink



Thermal model for a power semiconductor device (1) @

* Example: an electronic device in TO-3 package over an HS02 heat sink

Semiconductor package

s//@/ — (Case) \

= N W\

TO-3

Insulating mica for TO-3
(Interface)

Heat sink
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Thermal model for a power semiconductor device (I11)
A ¢
ﬁﬂﬁﬁﬁnﬂ -

* Examples of final assembly of electronic devices in TO-3 package over heat sinks
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Thermal model for a power semiconductor device (IV) @ﬁ

* Thermal resistances without a heat sink

Ambient (A) Junctllon 0)

Basic equations:

Te = Ta + Ripca'P
_ Printing Circuit Board (PCB)

Ty =Tc + Ripyc'P

Therefore: Rinca Rinuc

Ty = Ta + (Rnsc + Rinca) P Ta




| MTE B v TE R oA

— BT (R
— b)'ul.{\)v«[u (2&«5

(7&‘_:/‘)‘/(2‘;#7 . wa z

/ ?
T

Zu,
TUERWA L iu?c:__-ﬂzﬁl:
T«Um? i ]
T;?,%% P %Am,z
Rh —s R



Thermal model for a power semiconductor device (V)

* Thermal resistances with a heat sink (I)
Ambient (A)

R

Case (C) j,nction f) Spacer

(Mica plate)

Heat sink (H)

RthCA RthJC
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Thermal model for a power semiconductor device (VI) @

* Thermal resistances with a heat sink (ll)
R R
B 0
thia p Rincy
TA | ]

0 °C - > D

Basic equations:
Tc = Ta + [Rinca*(Rinna + Rincn)/(Renca + Rinna + Rencu) 1P

Ty =Tc + Ripyc'P

Therefore:

Ty = Ta + [Rensc + Renca’(Renna + Renci)/(Rinca + Rinia + Renen) 1P
However, many times Ry,ca >> (Riua + Rincn), and therefore:

T) ~ Tp + (Rinyc + Renna + Rinen) P g



Thermal model for a power semiconductor device (VII) D
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* Thermal resistances with a heat sink (lll)

T TH TC TJ
= AANAEAAA AN,
C
Ak, AR, Hdr, D
TA | ] P
0°C —4— >

Basic equations:
Ty = Ta + RipuaP
Te =Ty + Rinen'P

Ty=Tc + Rypyc'P

Therefore:

* Main issue in thermal management:

» The junction temperature must be below
the limit specified by the manufacturer.

» For power silicon devices, this limit is
about 150-200 °C.

T; = Ta + (Rinsc + Rench + Rinna) ‘P



* Its value depends on the device.

* Examples corresponding to different devices in TO-3:
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* MJ15003, NPN low-frequency power transistor for audio applications

Thermal resistance junction to case, Ryyc (1)
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THERMAL CHARACTERISTICS
Characteristic Symbol Max Unit
Thermal Resistance, Junction to Case RegJc 0.70 °C/wW
* LM350, adjustable voltage regulator
Parameter Conditions LM150 Units
Min Typ Max
Thermal Resistance, Junction K Package 12 15 ‘CW

to Case

* 2N3055, NPN low-frequency power transistor for audio applications

THERMAL CHARACTERISTICS

Characteristic

Symbol

Max

Unit

Thermal Resistance, Junction to Case

ReJc

1.52

°C/IW
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* The same device has different value of R, for different packages.

* Examples corresponding to two devices:

Thermal resistance junction to case, Ryyc (11) n
P\ =

Table2.  Thermal parameters kys STTH512 lav) = 5A, Vgrm = 1200V

Symbol Parameter Value Unit

' TO-220AC / DPAK 2.5
Rihj-c) Junction to case °C/W

/ TO-220FPAC 5.8

e —
& ¥
& & s
N \\ LA A
K K

NNational LM117/LM317A/LM317
Semiconductor  3-Terminal Adjustable Regulator

Parameter Conditions LM317A LM317 Units
Min Typ Max Min Typ | Max
Thermal Resistance, K Package 2.3 3 ‘C/W
Junction-to-Case MDT Package 5 ‘C/W
LM117 Series Packages H Package 12 15 12 15 ‘C/W
Part Number Design T Package 4 5 4 ‘C/W
Suffix | Package | Load MP Package 235 235 "CIW
Current
K T03 15A (103) T0-252 (0-Pak) (039) Pl Pctgs 4-Lead SOT-223
Metal Can Package Metal Can Package O
H TO-39 0.5A - 10 ]
T T0-220 15A ADJUSTMENT Vin
E Lcc OASA Teb is [ output O ADJUSTMENT Vour === | Vour
& Vour V!N —
S TO-263 1.5A oA~ ournur I
[ 1] adj/ono ) .
EMP SOT-223 1A case s ourpur e U sp kF'°"§ V'el;” wroan 11
MDT TO-252 0.5A Front View - NS Package Number HO3A ackage Rumber

00206330 NS Package Number TD03B
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Thermal resistance case to ambient, Ry,ca ﬁéﬁ
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* Its value depends on the case.
* Manufacturers give information about Ry;,;5 = Riyyyc + Rinca-
* Therefore, Ry,ca = Ritya - Rinice

* This thermal resistance is important only for relative low-power devices.

* IRF150, N-Channel power MOSFET in TO-3 package f~~
Thermal Resistance T03
Parameter Min | Typ| Max | Units Test Conditions
RthJC Junction to Case — | — | 0.83 “CW
RthJA Junction to Ambient — | — 30 ' Typical socket mount

* IRF540, N-Channel power MOSFET in TO-220 package

TO-220
THERMAL DATA
Rthj-case | Thermal Resistance Junction-case Max 1.76 °C/W
Rthj-amb | Thermal Resistance Junction-ambient Max 62.5 °C/W

T Maximum Lead Temperature For Soldering Purpose Typ 300 °C
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Other examples of packages for power

A2

A1

A2 G A2

G

TO-247
TOP3 insulated TOP3 D-61-8

&

A

RD91 insulated

SOT-227
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Thermal resistance case to heat sink, Ry,cq @

* Its value depends on the interface material between semiconductor
and heat sink.

* Examples of thermal pads for TO-3 package:

Based on silicone: SP400-0.009-00-05

Description THERMAL PAD TO-3 .009" SP400

Material Silicone Based

Thermal Conductivity | 0.9 W/m-K \
Thermal Resistance 1.40 °C/W "

Thickness 0.229 mm

Based on mica:

R,,=0.3 °C/W)
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Thermal resistance heat sink to ambient, Ryyya (1)
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* Its value depends on the heat sink dimensions and shape and also on
the convection mode (either natural or forced).

* Examples of heat sinks for TO-3 package:

UP-T03-CB

HP1-TO3-CB

HS02

Material

Aluminum

Material

Aluminum

Material

Aluminum

Rih @ natural

9 °C/W

Rin @ natural

5.4 °C/W

Rin @ natural

4.5 °C/W
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Thermal resistance heat sink to ambient, Ry,ya (I1) =
* Examples of heat sinks for general purpose ~

3.45

— MATERIAL : A 6063
e FINISH . BLACK ANODIZE
- 0.85
= MODEL HEIGHT
o LPD50—10B 10
(4 PLACES) LPD50—-15B 15
LPD50—-208B 20
LPD50—-25B 25
s s LPD50-30B 30
LPD50—-35B 35
s 4 =\ 16 Dimensions : mm
w7 g w 3 0 1.2 :é .
SN . A PD50-10B
6, ..~ 1.5 O LPD50-158
2 NI~ — T 3 O LPD50-20B
. 5 - 1 k/b'\; 0.4 A LPDDO_ZSB
* o 7T B LPD50-30B
M ° o5 2 3 4° ® | PD50-3558
NATURAL f/min 16

CONVECTION AIR VELOCITY: DUCTED CONDITION



Thermal resistance heat sink to ambient, Ry,ya (1) N
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* Heat sink profiles ()

%Xé TAF'?EVR?AALLOY

000SW 5 05172

Wt: 0.43 Kg/m Wt: 0.4 Kg/m

Rvn: 5.3°C/W Riv: 4:37°C/W

R 187°CIW Rinf: 1.52°CIW

SA. 191 mmymm SA.: 220 mm’/mm = o

16372 05097 —

Wt: 0.93 Kg/m [CiCZSI : Wt: 0.88 Kg/m

Rvn: 34°CIW 0% Rinn: 343°CIW N

Rnfi 1.02°C/W Ryt 1.16°C/W ks

SA. 323 mmYmm - SA. 341 mm’/mm _ |
o .

0S014 R 000YB

Wt: 0.60 Kg/m L. Wt 1.08 Kg/m [

R 5°C/W U—‘ " Ryt 321°C/W ot

R 3.13°C/W L s 0 Ry 1.15°C/W

SA: 102 mmé/mm { o | o SA. 305mmimm L 800 d pien

[1.968)

[2.382]
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Thermal resistance heat sink to ambient, Ry (1V)

* Heat sink profiles (ll)

AVZ. AAVID
FIT THERMALLOY
000MA s _ 0S023*
|' [1.397) 1.0 ~ 30 10.0

Wt: 2.04 Kg/m = Wt: 1.55 Kg/m poxl ] f1-00] [Te=a
Rth,n: 1.38°C/W [0‘.11'27] ;rfgfe% Rth,n: 1.23°CIW 7359'341
Ry 0.56°C/W Riyf 0.62°C/W |

' . 2 | 7.0 |_I ’ . ) L 7.0 —e,},o
SA.: 612 mm7mm [3.81q] SA.: 555 mm7mm 13819 [0.118]

0S1 17 _'“ [acléool [ﬁgfol [0.73;?1] T 000MB

Wt: 1.84 Kg/m 1 Wt: 2.72 Kg/m

Rinn: 1.08°CW | &5 R 100°CW ]

Rins 0.51°C/W j | Rins: 0.41°C/W 28

SA.: 617 mm7/mm | e 187 SA.: 791 mm¥/mm

000MK cos T [F] [ ee 05040 [osa ] [Tee

Wt 2.72 Kg/m ] Wt: 2.42 Kg/m i

Ripn: 1.07°CW 25 Rpp 0.99°C/W ‘11337%1

Rins. 0.41°C/W _y Rins: 0.72°CIW |

SA. 852mmimm | won ] SA: 802mmimm - sz o e
] Xt
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RTH, n / RTH, n 150 mm
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Thermal resistance heat sink to ambient, Ryya (VII) @
%

A
A4 N
6600

r [13.‘;5551 | r’lagsga;

R - 0.99°C/W
o ;0.
Examples 05040 Mi— E3
Ry | 0.72°C/W 1]
L [l' DJ —‘:3135'
THERMAL RESISTANCE vs LENGTH THERMAL RESISTANCE vs. AIR SPEED THERMAL RESISTANCE vs (Ts - Ta)
n\ W = —— /
0t PO Y B S A - = 13 [ Ren_sooc = —
: th_10cm ~ L Rin 1mss = o e[| 1.15Rin_750c,
15 1.32-Ryy, 15 . 1.41-R P S
3 S =R c th_2m/s| | - < 1
_ - - ‘ ! = I o
10 - .'““B\ = | —
[ ~— = 08 S =~ 1 =
0100 150 200 250 300 350 400 : =
L0 20 30 10 50 80 75 70 65 60 55 S0 45 40 35 30
EXTRUSION LENGTH mm AR SPEED m/s ” DELTA T = (HEATSINK TEMP. - AMBIENT TEMP.) °C

* R;, for 10 cm at AT=50 °C and natural convection = 0.99-1.32-1.15 = 1.5 °C/W
* R, for 10 cm and 2 m/s air speed = 0.72-1.32= 0.95 °C/W
* R, for 15 cm and 1 m/s air speed = 0.72:1.41 = 1.01 °C/W
* Ry, for 10 cm and 1 m/s air speed = 0.72-1.32-1.41 = 1.34 °C/W -



Transient thermal model (ll) V-
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* Transient thermal model for a star-up process, P being constant:

thHA CthCH thJC
1 Bl B o
R... ™ R Tep T,
thHA thCH thJC
Cinic << Cincn << Cipua
TA ]
0°C —1— >

P= constant

* Under this condition, the junction temperature will be lower than the one
predicted by static models, due to the fact that the total thermal impedance

will be lower than the thermal resistance.
22



Transient thermal model (1) @
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* Transient thermal model for pulsed-power operation in
steady-state (1) (after the start-up process)

CthHAI I cthCHI I CthJCI I Cinic << Cincn << Cinna
T, B \/\/\/JE g
Ty Tc T
Ta RihHa Rencu Rinic
L =
0°C P = pulsed
— >
*Ty and T. can be computed from P, because P Pave
Rihna'Cinna >> ts and Ry,cy*Cinen >> ts. Hence, the AC “““"|:|“'““|:“
component of P can be removed and, therefore: tc T -
Ty = Ta + Payg'Ripua and Te =Ty + P,o Renen ) t=s Duty cycle:
— D = t/ts

* However, Ry;ua'Cihua May be lower than t; and,

therefore, T, cannot be computed from R,,,c and P,,. .



Transient thermal model (V) fﬁ@ﬂ}
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* Transient thermal model for pulsed-power operation in
steady-state (ll) (after the start-up process)

Cthjc y
P k
Constant T Pea
\ n ] ___t__|.__1__J___I__\_avs_
Tc Te R T, +—=
thJC t

L P = pulsed Tty
0°C

— >

1 T TJ_ wide_pulse = Tc + Ppeak'RthJC

* The maximum value of the actual
temperature is not as low as T, average:

*The maximum value of the actual
temperature is not as high as T; ige pulse-

* How can we compute the maximum
value of the actual temperature? = Tc
Transient thermal impedance.

24
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T wide_putse = Tc + Ppeak*Rensc

Tj_actual T)_avg = Tc *+ Payg'Rinic
Te
Ml
P P
peak —

 — Pove
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Transient thermal model (V) fﬁ@ﬂ}

* Concept of transient thermal impedance

AAP
* We know that TJ_wide_puIse > Tj_max > Tj_avg' I:,peak
* We will compute T, ., considering P, and I I A P_ avg
an impedance lower than R,. ] .
* This impedance is called transient thermal L,
impedance, Z,,c(t). s
* Its value depends on the duty cycle and on 'Y
the switching frequency. T T1_wide_pulse
. . . j_max T
* The final equation to compute T, .., is: J_maxL ] : -
- . J
Tj_max - TC + IDpeak Zthjc(t) Tj actual -
% _07%) i TJ_ wide_pulse = Tc + I:)peak'RthJC
E—== H1 I _
5 ;ﬁ’. THERMAL RESFONS) i QJ TJ_avg = TC + I:’avg'RthJC
€ak 1J=F DM X0‘1(h.IC +1c 1 25

0.01
0.00001 0.0001 0.001 001
t1, Rectangular Pulse Duration (sec)



Transient thermal model (VI) ﬁéﬁ

* Example of transient thermal impedance (l)

TJ_max =T+ Ppeak'zthjc(t)

j VDSS =100V
. A Ros(on) = 0.105Q
nal A\ (11
Infernafiono IRLR/U3410 o [
TSGR Rectifier HEXFET® Power MOSFET
10
O
-
£
N | 4 Jp=050
0 :
2 T i
S 020 ——
Q | -
o —0.10 s -
: -
- |_005—"T LItz POM
s |, . ! AT L4
€ " =002 =7 SINGLE PULSE = ~t-|-|
o ?,001 (THERMAL RESPONSE) C
- / r t2
— > [
Nontea-
1. Duty factorD = t1/t2
2. Peak Ty=P pmx ZthJc + TC
0.01
0.00001 0.0001 0.001 0.01 0.1 1

t1, Rectangular Pulse Duration (sec)

Fig 11. Maximum Effective Transient Thermal Impedance, Junction-to-Case e



Transient thermal model (VII)

AN AN
A4 N A
6660 (11Y)

* Example of transient thermal impedance (ll) w

10

©

2

N 4 jp=050 :

n 1 1

| 4——5__
043 += | >

w

o _0.10 i

% __..0_0}5——"':,;;;5 I::D_M

£ 01 EE00=="F SNGEPUSE -t1-]
o m—n (THERMAL RESPONSE)

= 7 t2
= =

Notes:
1. Duty factorD=t4/t>
0.01 2. Peak Ty=P pMmx ZthJc + TC
0.00001 0.0001 0.001 0.01 0.1 1
t1, Rectangular Pulse Duration (sec)
0.00004
fs - 5 kHZ t1 - D'tz - D/fs - 0.2/5 kHZ = 0.00004 SEC
D =0.2

[

25w

T) max - Tc =25 W+ 0.43 °C/W = 10.75 °C

Zypic = 0.43 °C/W
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Thermal Response (Zthyc)

Transient thermal model (VIII)

* Relationship between transient thermal impedance and

thermal resistance

Zinic(0) = Rinyc ‘

AN AN
A4 N A
6660 (11Y)

10
e
1 pD =050 :
- '
[0.20 ——
|
0. ] Qe e -
I
Y :,,:gi PDM
01 =00 e .
- =002 —  SINGLE PULSE ..t-|.|
?,u.m (THERMAL RESPONSE)
= 12
-~
Notes:
1. Duty factorD=t1/t2
2. Peak Ty=P pmx ZthJc + TC
0.01
0.00001 0.0001 0.001 0.01 0.1
t1, Rectangular Pulse Duration (sec)
Thermal Resistance
| | Parameter | Typ. | Max. | Units
ReJc Junction-to-Case —_— 1.9
ReJa Junction-to-Ambient (PCB mount) ™ -— 50 *C/W -

ReJsa

Junction-to-Ambient
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