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4.3.4. Efficiency vs. switching frequency
foul M1
= Sw ;

Add up all of the energies lost during the switching transitions of one
switching period: \0de Giyy

W, =W, + W, + '.t’n FWor W, - ?\1}5 3“'{, L‘I"‘:"‘ ‘Mﬁ'
Average sw'rtcl-'l‘ns power loss is “Yored ‘““'57 fvt' ‘E

F.=W_ /1. C
3 - $ g_ 1!0““

Total converter loss can be expressed as ﬁ i) -EI'!'

|||||

where Piweq = fixed losses (independent of load and /)
P, ... = conduction losses
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Passivated Die

Copper Drain Clip Silver Epoxy
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Gate Source

Solder

Copper Trace on PCB .
Circuit Board
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Heat spreader

il Thermal-
interface ket
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Substrate Silicon die
(microprocessor chip)

Nextreme's
eTEC

14°C I '
™

demonstrated

eTEC cools hot spot only

il

Nextreme’s thin-film thermoelectric cooler, eTEC, cools a hot
spot on a semiconductor chip. This particular implementation is

- for a silicon microprocessor, (Courtesy of Nextreme)
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Fig. 1. In conduction, heat is transferred from a hot body to a co!Wdy
via a solid medium.
Ug, vorts oy

Material Thermal conductivity (W/mK)
Diamond JAure 1000 to 2600

Silver 406
Copper } Yipw) 385

Gold 320

Table 1. Material thermal conductivities. A b 6)
"‘é. v ‘ﬂ :
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Thermal path' to air:
« Package top to air: ~100%

Fig.7. For nondigital temperature sensors such as the AD590, a current-
output temperature sensor, the value of § . indicates the ease of heat

flow.




Normalized thermal paths to air:
1. Package top to air: 15%

2. Package bottom to board: 20%
3. Package leads to board: 65%

Fig.6. The value of 0, indicates the ease of heat ﬂogvc for digital tem- )

perature sensors through the package. 4> /Wr :‘: aﬁgﬁw

sensor implemented in the pc board in Fig. 4 is not affected
bv the heat from the main heat source and is accurately

ST(TaTowd), 0T (park) = Wipaet) 2 6
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Forced convection In water

change in walar .
Phase change with dielectric fluid and developed surtace -
| Farced convection in water with developed surface 2000 to 100000 - ” Lu
Phase change in waler with developed surface 5000 to 100000 (g

| ==Ar =m0 == Diglactric fluid == Water

Fig. 1. Graph depicting heat transfer properties of air, oil, dielectric fluid and water.
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WIND TUNNEL: The Apple Powor Mac G5 uses nine fans in four individually controlled zones [above,

caol air in blue, hot in red] to keep the computer cool envugh to operate. Twenty-one temperature
sensors orovide feedback to control the fans.



Phote 1. Brazed cold plate used in a bolt-in
design and a brazed cold plate for a press-pack
semiconductor assembly.
Provlewm OV Vacakions
Cavse CxgAMSsion }tuq:ru‘ﬁ Ph



™

Photo 2. Several different brazed cold plate

designs.




Fig.2. Typical copper tube embedded in
aluminum plate heatsink design.

Expanded Copper

Tube in Aluminum Plate
Rl 2ol Cavses
LREGe” o 01 Siress

Ar ig *'Rcm\ EﬂTﬂif#ﬂ Coctt



Rth single side
Pressed copper tube in Al plate

Rth single side¥~\"‘-
Brazed copper plate :

Thermal resistance of two different technologies cooling
— a63mm SCR. Brazing technique shows better performance, —
particulary at low flow rate.

f— e

0.5 1 15 2 2.5
Water Flow ( GPM )

Fig. 4. The brazing technique shows better performance than the
pressed copper tube in aluminum plate technique, as you can see in




Fig. 3. Brazed cold plate heatsink design; liquid
path geometry detailed.

cold plate technique is similar to that
nf halted cald nlate desions. with the
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Heat sink Heat spreader
Thermal-
interface ;I;:t‘ﬂ:;:al'

material 2 erace
material 1

Substrate Silicon die

(microprocessor chip)
Nextreme's
14°C eTEC
demonstrated I

eTEC cools hot spot only

"

Nextreme's thin-film thermoelectric cooler, eTEC, cools a hot
spot on a semiconductor chip. This particular implementation is
. for a silicon microprocessor. (Courtesy of Nextreme)



FIGURE 1. A p-n1
on the Peltier effect




FIGURE 2. A thin-film TEC can cool many
types of optoelectronic devices (top).
Implemented in a CMOS optical sensor, it
takes the form of an array of individual TEC
p-n couples (bottom). The p-n couples are
isofricaly In seige sc e ey, N et
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4.2.1. Power diodes wm’fmm

Yo \mzlﬁﬁfe*\f“f‘brutlw” )

A power diode, under reversa-biased condilions:
P : intvinafe hf“ﬁhu
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VD\ & - E - T
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N ¢ areiers

Chutpier 4. Switch realization
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Diode in OFF state:;

reversed-biased, blocking voltage

i

¥
a®;
L; P ]
2
1
2 E
] " +

] ;

* No stored minority charge: g =0

* Depletion region blocks applied
reverse voltage; char

capacitance of deplefion.region

Furdaminitals of Power Electeonies
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Trade ofds with
Deoping Levels

Forward-biased power diode
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1=4
PLN Disde
Forward-biased power diode
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Charge-controlled behavior of the diode é

‘1 € = .-
61?;1-31'\!‘» ->\v"- %_1: @“ v

The diode equatiop”

. 4 P n "]

Charge control : :/ r . 6 @ 2

dq(t) _g @ / ® ® g

T b i @ ]

dr T ,f — O @ ,2{
With: — -

Ttal stowed minority charge ¢

k= 1/(26 mV) at 300 K
¥, = minority carrier lifetime In ﬂmllbnum: dgldr =0, and hence

(above equations don't i(1) = q(1) = o (e""-"m 1 ] =] !E_.M:J = []
include current that T T o

charges depletion region . e
capacitance) e’%?ﬂ“ en * VA l
a3

Fundamentals of Power Floctronics Chapter 4; Siwilch realization



ONE Ran [Nop Madel
DC Pavomerers from T-V

: =g
Static mededs of diodes mvolve the following: —_—
Ry “: Uy <

ﬁ “ AP
n“l ‘ )J ’{'rm Loy
AT | {_

Lb?'n-b‘t )
For HW #4 from the MUR3040PT diode data book for
practice oblain all three values: Ru, = 0.015, Ry = 40P, and
Vo = 0.84 V,

L [

L r'fr e

gorhod ol g o
A —~34 M.
. J A e

hrd

L i
- —

p—— = e
(L0

£~ Il aEe
] 4—% - A T
q_._-/l’]l * L l;‘l'll-

L] Poime Fevi Sies v = S, Buls Behe @ W,
Frrmad rnmrm oy e d msbiagn fen i 0T fand sl
Static characteristics do not tell the full story of any device, Like
people the dynamic characteristics may reveal now and
unexpected behavior. For example, the V. Tor the diode above
doas have a brief voltage overshool when driven by a constant
current scurca to turn it an. This needs 1o be accounted for in any
dynamic model of diode aperation as the dynamic |-V is unigue.

R > 'W %715»:.\\7 1om(l
\ow = V«mﬁ\“I,‘Rm J‘"}’f““"}




Paralleling diodes

Attempts to parallel dicdes, and share the
current so that i, = i, = /2, generally don't
work.

Reason. thermal instability caused by * ®
temperature dependence of the diode

equation, v Vy
Increased temperature leads to increased

current, or reduced voltage. - -
One diode will hog the current. e 0‘\ 3*’;0;{
To get the digdes to share the current, heroic . \(
Jneasures are required: — Le & F

+ Select matched devices
* Package on common thermal substrate
* Build external circuitry that forces the currents to balance

Fundamentals of Power Electronics 43 Chapler 4: Sunlch realization






- Characteristics of several commercial power
rectifier diodes

hom sl ms=taa v BT fmr s e o e A L4 L R e, e TR T

Port number . Raedmar colige  Racdwgcumor Ve (ypicaly —_  (mex)
Fast recuvery reclifiers .

IN3913 4 FA . AN A 400,
SLMNIN2R20PC 200N A0 A 22V s
Ultra-fas! recovery rectifiers

MIUTRALS 150 B 0,975V 350z

ML TS60 Ay 154 1.2V (s

RHRU QG120 1200V s 2.6V filins
Schotihy rociifiers

MERBUAN!, A0V il ARy

A4ACNONS 45V 4404 69
e CPOUS0 SOV A 119V -

az Cliageter 4. Sunich raadizabon

Fumidmmentals of fower Clectrmics
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Types of power diodes

Standard recovery T= 10&,&5

Reverse recovery time not specified, intended for 50/60Hz

Fast recovery and ultra-fast recovery T Lo /l-‘
Reverse recovery time and recovered charge specified
Intended for converter applications \O
Schottky diode T—"n
A maijority carrier device
Essentially no recovered charge

Model with equilibrium i-v characteristic, in parallel with
depletion region capacitance

Restricted to low voltage (few devices can block 100V or more)

Fundamertals af Power Electronics il Chapier 4. Swelch realiziiun



ﬁs %‘-&,aﬂﬁs $o ﬁﬁcs 6&055[?";1“\)
Types of power diodes

Standard recovery ™M aANS Electrowies L™ 9
Reverse recovery time nol specified, intended for 50/60Hz

r
[East recavery and ultra-fast recovery ‘{'su" Zo0kRa

Reverse recovery time and recovered ch spacide
o _ QE <2 ri
Intended for converter applications 2

]arl- po

Schottky diode. 2% \e, Y
A majority carrier device o ‘('ﬁhl'- TRE .‘: o 11‘.'}1!5

Essentially no recovered charge 1?.1_ - Saa :

Model with equilibrium i-v characteristic, in parallel with |
depletion region capacitance

Restricted to low voltage (few devices can block 100V or more)
B e e

Fundamentals of Power Electronics i Chapier 4: Switch reallzation



Charge-control in the diode:

Discussion
Y

+ The familiar iy cyrye of the diode is an equilibrium 5'-"1‘ %
relationship that can be violated dunngrranment 4—":
conditions

* During the turn-on and turn-off switching transients,
the current deviates substantially from the equilibrium

- i-v curve, because of change in the stored charge
and change in the charge within the reverse-bias
depletion region

Under forward-biased conditions, the stored minority
charge causes “conductivity modulation” of the
resistance of the lightly-doped n- region, reducing the
device on-resistance

Fundamentals of Poser Electronics L Chapler 4: Sunibch realization
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Turn-on transient

bfk(' Hj‘"’ Now

wn t M 'by T. The current i(r) is
. delermined by the
converter circuil, This
: \ % current supplies:
| | i ' Diode conducts with low on-resistance
Diode is forward-biased. Supply minorily ) charga 1o Increase
| charge 1o 0™ region to reduce on-resistance voltage across
P depletion region
i Charge depletion region
o i + charge needed to
U ) o support the on-state
i (In-state current dﬂtl:i'l‘H""-‘“'l by |;.uw“n current
’ - + charge to reduce
i

on-resistance of n-

@ :
region

Furrdarmentals of Mowver Clectronics ] Chapter 4: Switch realization



Turn-off transient

£ 1‘1“9'7

Vv
[ (< O
ke )
P n n ]
e o :‘/;
© 0 5
. @ ]

— —

Removal of stored minority charge g

Qe

Frendamentals of Power Electronics w Chapter 4: Switch realization




Diode turn-off transient
continued

vit)

o

() Diode remains forward- huasfcd
Remove slun:d charge in n rqgmn

i0 4 i il 1 (5) Diode is reverse-biased. ‘

i i Charge depletion region
A

: ; b \ | i caacitance.
/ - :\“‘r’—j < B—- Lg’l\w“" .

P

oot
"y ,{-],E:-n: hin

a © girevit

Chapier 4: Swilch realization
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Typical diode switching waveforms
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ode Ay I1ncrenses T'R.Dw otb-op

The diode switching transients induce
switching loss in the transistor

Sensy
Fransinine X
. il
o dliunde T

- Diode recovered stored charge
@, flows through transistor
during transistor turn-on
transition, inducing switching
loss

* (), depends on diode on-state
forward current, and on the
rate-of-change of diode current
during diode turn-off transition

Fundamentals of Pouwr Eleptronics

- see Section 4.3.2
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Chinpter 4: Swilch realization



\Y/ for ok o Sce

Ringing md‘l’med by diode stored charge

see Section 4.3.3
iy L K )
- - .
v, it I"f{: 0 >
vt} ﬂiﬁ" Wit &= ¢

- Diode is forward-biased while i,(t) >0

* Negative inductor current removes diode
stored charge (),

* When diode becomes reverse-biased,
negative inductor current flows through
capacilor C.

* Ringing of L-C network is damped by 1
parasitic losses. Ringing energy is lost.

nging ay f‘)ﬂ I‘k V t_‘

Fundmmesttals of Power Eloctromics

H{Jk a r‘ﬂﬁ ?cﬁts “:‘ Chuz !ir‘f*.lﬂf' sﬂ..l’rurm}‘ ‘




Energy associated with ringing

Hecovered charge is (0, =- [ At dr it v,

0 .
Energy stored in inductor during interval _ v,
i<y,

ity
W, = J vAr) i) i

Applied inductor voitage during interval

L, se<t, ! y ,J
wily=L ‘FEI -V
Hence,
]
l I éfi dr=1 (=V)iind
N f!

W= i Lil(n) =V, @,

Fufumentais of Puiver Elecironics e Chupler £ Swalehi realfzation



Switching loss calculation

Energy lost in transistor:

I valt) £, 00) elt

With abrupt-recovery diode:
Wy~ f Vi U, = E5(r)) ot
s

. V:ff_i‘,+ 'r"a g,

* Often, this is the largest
component of switching loss

fundamentals of Poaser Elecironics

Sottrecovery

ode;

{1, =1, >>(t,-1,)
ry

dicde:

- (ty—1,) << {t; = 1)

Chapter 4; Suilch realization



Table 1\ 9
Characteristics of several commercial power

rectifi s Viah £ Rectifer
tectficrdiodes Wiy

T T [

3w
Puari number Raed mac voltage  Reted avg curment Vo (rvpicad) 4 fmax)
_.:‘Eg_ucouq rectifiers
IMN3913 400V A 1.1V 40005
SD453N25820PC 2500v 4004 22V 2us
Ulira-fast recovery rectifiers
MURELS 150 BA 975V 35ns
MUR 1560 BOOY 154 L2v Blins
REHEUTNI 20 1200V 100A 2.6V Glns
Sghgttky rectifiers n£ . Pl
. MBRS030L 30V B0A @ ) Oﬂ.{
4440 NS 45V 404 0.69v
30CPQLS50 150V 30A Ly
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High-Reliability Schottky Rectifiers in a Wide Range
of Voltage, Current and Package Options

Package IFimax)

. "'J"
v TO-257 16A S0V to 160V
*‘ D2 18A 30V to 160V
% SMD-0.5 30A 30V to 160V

<
V TO-2584 I5A 30V to 150V
q‘ D3 35A 30V to 180V
% SMD-1 1204 30V to 180V




=

1i5mh

5'||rg;

Fig.4. With its 1.5-mm x 1.5-mm footprint, International Rectifier’s
IRTH0CSP 1-A Schottky diede, shown here superimposed on a
fingerprint. is nearly seven times smaller than the first surface-mount,
1-A Schottky introduced in the late 1980s.
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Forward Converter Qutput Filter
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Table 1. Monocrystalline SiC polytypes compared to GaAs and silicon.

(W/em.K)

Properties 4H-SiC B6H-S5IC 3C-SiC GaAs
Bandgap (eV) 3.26 3.03 22 1.43

Breakdown electric field 2.2x105 2.4x10°  2x106 3x10°
[Wfem (at 1kV)] -

Thermal conductivity 49 ; 49 4.9 05

Saturated electron
drift velocity [cm/s] 2.7x1 2.0x107  2.7x10 1.0x10

Si GaN

1.12 1.5
2.5x10°%

1.5 13

1.0x107  2.5x107

|
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BJT characteristics ﬁ: Bl

b "b
Ie -!.i.r.““ PR, (o 200¥ + Off state: 7, =0
1on - e — #f,ﬂ»-” Ty s Onstate: [, > 1./
g arato® .
S ———iy = SV * Current gain /i decreases
e rapidly at high current. Device
" P should not be operated at
sope ¢ * <ol instantaneous currents
e i Ve ™ “exceeding the rated value
v
¥ .’Q
LI R : ow V
cutaff —— — Vig=10.2V ¢E
0A a ’ - ' —.-——-.b.

o sV 1o 15% V c b
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Fiyves ¢85
BJT characteristics

+ Off state: 1, =0
* Onstate: fy,> 1./

. rrent gain
nt.
vice should not be
operated at instantaneous ‘
currents exceeding the rated 5“
value

— X
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Forwand recovry curaoleisic of m diecdn.

A static npn Gipelaciransistormodel should invoive the following

two values:
A ||

R.
For HW #4 from the measured transisior characienistics below

l'upmmot-lam Fea= 134 mil and Vi = 0.08 V.
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increasing

Breakdown voltages

\I-r’.r

l\y TRENT emiiter

Fundamentals of Posper Eleciromics

.HM'

L"Fﬂ

BV

i1

e

Vv

CE

flv a] ﬁM‘\
Efbect 4

1

BV, avalanche breakdown
voltage of base-collector
junction, with the emitter
open-circuited

BV, collector-amitter

breakdown voltage with zero
base current

BV ' breakdown voltage
observed with positive base
current

In most applications, the off-
state transistor voltage must
not exceed BV,

Chaprter 4 Saileh realizabion
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,/f'| 1\ I,=0 base current
! I
ool - ”'H x,{_’f open emilter BV, breakdown voltage
- N N, ed with positive base
B lr;ﬂ"i‘ HV: ) 'HV( W) Vl' K M

In most applications, the off-
loweit state transistor voltage must

dve To Tio Soexeeed BV
“Irct C.mrrucrr o
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Darlington-connected BJT

- - . % RIEEAE- o LT I Tl ar
o A A 8 A Bttt A s a4t . N T N e P A P R e et i

* Increased currant gain, for high-voltage
applications

- in a monolithic Darlington device,
transistors Q, and Q, are integrated on the
same silicon waler

+ Diode D, speeds up the turn-off process,
by allowing the base driver to actively
remove the slored charge of both @, and
@, during the turn-off transition
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Darlington-connected B]T 1. ()=
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* Increased current gain, for high-voltage
Q, applications

* In a monolithic Darlington device,
transistors (, and @, are integrated on the
same silicon wafer

* Diode D, speads up the turp-off process,
y allowing the base driver to actively
remove the stored charge OW

gi during the tumn-off transition

\
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BJT switching times
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Ideal base current waveform
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4.2.3. Bipolar Junction Transistor (B]JT)

fower BIT In uur \h"yw

s i (i vl prsmes o

75 [7!?! * Verlical current flow
i U?T'??!ﬂ r77‘L77 e 1

« npn device is shown
FSLINNER By W i

* minority carrier device

[0 \’ w ‘L\' " l Ta c’? « on-state: base-emilter

wmat and collector-base
junctions are both
i forward-biased
A i A i AT EEEEET * on-state: substantial
minority charge in p and
n regions, conductivity
Collector modulation
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* Interdigitated base and
emitter contacts b

* Vartical current flow e

* npn device is shown
* minarity carrier device

* on-glale: base-emitter ‘i'
and collector-base
junctions are both Vﬁ." \
forward-biased

LTI I I IITITICY.  » on-state: substantial VL b
minarity charge in p and
n° regions, conductivity
Collector modulation
e 1
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