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Outline

=  Semiconductor switches
= Loss calculation
= Switching equivalents

= Thermal aspects
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Semiconductors without turn-off capability
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ldeal switch

= Accept voltages of both polarities

Both negative and positive

= Controlled turn-on and turn-off

= Conduct current in both directions

= No breakdown voltage

Perfect isolation in off state

= Zero on-resistance

No voltage drop over the switch

= No switch delay

= Zero energy switching

No power dissipated during operation
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Non-ideal switch example
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La,
DC/DC converter losses - _
e
L, Loy
Conduction losses 258 : -
. u“ . v =V, R
Pon = rdS(on)Isw,rms = - - |+ C} :V %‘M
=D - rds(on)ll%,av | o
Switching losses (average) L, U
1 rvl#-x +
* B= EVdIsw,awfs(tc(on) + tc(off)) oty - o= R§ v,
V
Isw,av = IL,av ‘ -
: J j
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* Further reading see document %/ e i
“Losses” in Lisam/Tutorials %N?— 5
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Half-bridge converter example

» Total dc-voltage, .
positive-to-negative oy —— i l
side R ]
— U, =30V m
« DC-voltage positive f J N U:c
and negative side to = o ' STl
ground 15+ v _
Ua - JH
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DC/AC converter losses

TSTEND 26 imester
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*  Further reading see document “Losses” in R
Lisam/Tutorials
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Bipolar junction transistors (BJT)

= Current controlled by base current ig

= 5<hg= j—g < 10 for power BJT

= Possible to turn on and off
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Darlington bipolar transistors 1:'0

= Increase hgg

= Increases also Vg, Higher losses!
= 0.1 us < switching time < 10 us

= Integrated on a single silicon chip

+ Q
\
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MOSFET transistors

Voltage controlled, Vs> Vggin
Fast switching

= 10ns<t<500ns

Tradeoff R, vs Blocking voltage

2023-09-18

+
- : : vgs
= Bidirectional current conduction - s
= Built in “body” diode
ip ip
A
=7V
Vgs On
6V
On 5V \ Off
0{' 4v “Ds
0 1F"UDS
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MOSFET I-V Characteristics and Circuit Symbols
A i g
D*-l— ohmic EH'_[VGS_ VGS(t/h)I= vV bs! ) Ip
l— active —p
Vesa -
Vess } linearized
Vesz /
GS
VGS<VGS(tr:|.J-)N BVDSSVDS
oD oD
!— N-channel b P-channel
G ] V..e<O
F— Ves>0 G — GS
N-channel P-channel
MOSFET o MOSFET o
S
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MOSFET channel conduction control

Low gate voltage
— Vas<< Vs

Inversion layer

isolating drain N-

from source N+

Source
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MOSFET channel conduction control

« Increasing gate voltage
but below threshold

— Vigs< Vasin

« Inversion layer with
some free electrones
still isolating drain N-
from source N+

Source

- -

Gate

Sit:)2
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—o—- o—_ o-°

A o

_-':iunizTEd depletion layer
acceptors boundary
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MOSFET channel conduction control

« High gate voltage Source .
above threshold _ — Tlfi3 N Gate
5102 ~ LN |

 Conductive channel of

P\ ’
free electrons formed - — o — ,

. _ inversion layer
between drain N-and |, . d;f .......... 7 with free electrons
source N* acceptors \

N~ delzlletion layer boundary
Drain
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MOSFET implementation

= Thousands of cells in parallel
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boddy-source short
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MOSFET on-state equivalent

* On-state conduction losses I I
D
D

C'gd
e 0—1 Dstan)
=T |

08

Pon = rDS(on)II%

MOSFET equivalent circuit
for on-state operation
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MOSFET turn-on/turn-off equivalent

source gate ng: “Miller
e A S capacitance”
NT /p’_-ll\__ SRR © P \_N* Cgd2 \4— idealization
— Cap AT

S B .
epletion layer } } v
(I-) rain Vgs™ Vpg 200V DS
I ‘D
ng ~T
GO l I5=1(Vge) . . .
c 1 MOSFET equivalent circuit for
gs~—1 . . .
i off-state and active region operation
S
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Switching MOSFET — Diode pair

* The current I is either
conducted through the diode

(when MOSFET is off) or
through the MOSFET
¢ Turn‘on: VGG >> VGS(th)
* Turn-off: V=0 Rg
+
VGG
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MOSFET-based Buck Converter Turn-on Waveforms

3 “ [ ]
° ‘Miller
v
GS(th) 2»
platteau
Ch C
—— Charge on Cgs + ng arge on g4
V. . .
in * Free-wheeling diode
assumed to be 1deal.
(no reverse recovery
ip(M)
current).
} N
o
SR v :
d(on)—ﬂ—bﬂ_ﬂ—h— tev1 DS(on)
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MOSFET-based Buck Converter Turn-on Waveforms

GG+
: . . 1winp
e Equivalent circuit —
oSl during tg(on)-
Dp /5 . 1o
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MOSFET-based Buck Converter Turn-on Waveforms

Vee+
. . . V.
Equivalent circuit in @
Ves,1, during t;. s
"""" N v
Vesamyy—g22 00 00N LT it
C -
D Cf
ngl
v !
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Vir:L i
o ( -t
IO
e R= Rg
ot 4
td(on)—é Ti teyy VDS(on) . C — Cgs + ng
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MOSFET-based Buck Converter Turn-on Waveforms

GG+
e Fquivalent circuit
Vos.i during tfy1. Vin
VGs(th) |
Vin =
* Vs =Vep
. Vee—Vep _ ddVds
’ R o
td(on)—"‘_H_l“'—P"— Tev1 VDS(on)
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MOSFET-based Buck Converter Turn-on Waveforms

Voo
Ves, 1,
v r
GS(th) DS(on)
— Cgd>2
Vir:L
( -t
Vgs = Vgg\1 — erc
Tt || ) gs * g4
t i i I1i H ] Vv
d(on)—‘!—"?'l_l‘?—l"é— tev1 DS(on)
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MOSFET-based Buck Converter Turn-off Waveforms

Ve (® _ Ty Re a2zt §s )
T =R (C C .
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MOSFET data sheet

N
VISHAY.
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IRF540, SiHF540

\ 4

Vishay Siliconix

Power MOSFET
PRODUCT SUMMARY
Vos (V) 100
Rosion) (€2) Vegs=10V 0.077
Qg (Max.) (nC) 72
Ugs (nC) 11
Qgg (NC) a2
Configuration Single
D
TO-220AB

5
M-Channel MOSFET

Definitions of device capacitances.
a. C, = Csg + Cip, Cpg shorted
b. C.. = Csp
C. Coos = Cpg + Cop
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MOSFET T1 turn-on. Disturbance on T2 ??

T1
/\ D1 Vis1
\j
+
30V
T2 Vis2
D2

Vdsl L

* Equivalent
circuit during

Vg2 =0

. _ dVdS

Vgs2 = Vg2 + Ry g2

Vgsz > Vgs(th)
« T2 TURN-ON
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Gate resistance control

* Separate R,,,=R1and

Rg(off) = R2

* Diode D1 makes R1
active during turn-on T
and R2 active during — I— J Ko
turn-off Gate R1
R2<< R1 driver

* Reduced R, to R2

prevent parasitic turn-
on at high dv/dt
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5-100 DF2§> ?D
P | >
e A ‘ l
N Tes

« For a step-down converter the
dV,s/dt of a MOSFET during turn- i
on is defined by V, (assume
Vion=0) and t.

Ip=1Vge)

* Vg =100V, L5 =t3= 200 ns

« The gate-drain capacitance,
Cqq = 120 pF. The miller platteau
voltage Vgp =4V

 (Calculate the gate resistance, R
for a gate drive with Vs, = 10V
which gives a dV¢/dt as specified.

LINKOPING
II.“ UNIVERSITY




TSTE25/Tomas Jonsson 2023-09-18 30

Insulated gate bipolar (IGBT)

= High input impedance

= Small on-state voltage

= Large blocking voltage
= Combined with anti-parallel diode

TUGS
On

> Ups 0
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Insulated gate bipolar (IGBT) implementation

= Bipolar carrier conduction
(electron & holes)

increasing V

low voltage drop at high i GE A
current + & “ora y ¢
= PN-junction in PNP YGE3 y
transistor gives higher v v
J ghe ' GE2 Y, VGE(th) GE
voltage drop at low current Nem gy
-~ ] e Transfer curve
collector 4 >V
dot cegon R (Ve BV,.p«
drain collector
\J J
t
gate H} * N-channel IGBT circuit symbols gfa)e—l K
source O
J) emitter

emitter
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Semiconductor materials

e Silicon

MOSFET & IGBT Parameter GaN SiC Si
Electron mobility (cm? /V*s) 1800 900 1400
 Silicon Carbide Energy gap (eV) 3.5 326 | L12
MOSFET Breakdown electric field (MV/cm) 33 3 0.3
. . Thermal conductivity (W/cm*K) 1.3 49 1.5
* Gallium Nitride Saturation drift velocity (Mcm/s) 27 27 10
MOSFET, HEMT

1MW
100 kW
1
g 10kwW
=]
[+ N
1 kW
100w MOSFET
1 kHz 10 kHz 100 kHz 1 MHz 10 MHz Source: Wide-bandgap semiconductors:
Frequency Performance and benefits of GaN versus SiC,

Analog Design Journal, Texas Instruments 2020
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Cooling requirement motivation

= Component failure rate increase with temperature increase
= Capacitors
= Electrolyte evaporate reate increase with temperature
= Magnetic components
= Losses in magnetic components increase when T > 100 degrees
= Winding insulation degrades when T > 100 degrees
= Semiconductors
= Breakdown voltage decrease
= Leakage current and switching time increases

= Power sharing problems when parallel or serial devices

34
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Heat sinks

= Different shapes and material
= Based on convection and radiation

= Natural convection

= Forced-air convection

= Examples: Computers, trains, ....
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Thermal model with electric analogy

= Power corresponds to current,

= Temperature corresponds to voltage,

= Thermal resistance R, (or Ry,) corresponds to ohmic resistance

Chp T

cf T\CS

Isolatlon pad

B

Heat sink T

Ambient Temperature T,

AT = P - Rg [K/W]

AT
Ro = —-[K/W]
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Multiple layer structure model

= Typical cooling setup Ti=T.+ AT; =T, + P - Rg jc
= Different sizes and materials

= Electric model of the Chip_ ]
power transfer from

power source to the Case

environment ‘ﬂolation pad
k Heat sink T
)

N Y O

Junction Case Sink Ambient
*— N "—@ AN Y VAAAN @]
+ RE)JC + RE)CS + Rgsa +
T Te Ts Ta WV N N
) ) B ’:') Ambient Temperature T,
L
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« A MOSFET used in a step-down converter has an on-state loss
of 50 W and a switching loss given by 103 f, (in watts) where f,
is the switching frequency in hertz.

* The junction-to-case thermal resistance Ry, ;. is 1 K/W and the

maximum junction temperature T, is 150°C.

« Assuming the case temperature is 50°C, estimate the maximum
allowable switching frequency.
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Other cooling approaches

= Liquid cooling

= Allow larger heatsinks,
placed away from power source

= Thermal towers, heatpipes
= Similar principle as in a refrigerator (phase shifting)
= Connect a larger heatsink without large thermal resistance
= Liquid nitrogen
= Force temperature down below Ta
= EXxpensive
= \Water condensation problems

= Material stress problems
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