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The Silicon Controlled Rectifier (SCR) “
g

Positive feedback —a latching
device

A minority carrier device

Double injection leads to very low
on-resistance, hence low forward
voltage drops attainable in very high
voltage devices

Simple construction, with large
feature size

Cannot be actively turned off

A voltage-bidirectional two-quadrant
switch

+ 5000-6000V, 1000-2000A devices

Fundamentals of Power Electronics

Sorward
conducting

IRCPEasing |
G

rEVerse
blocking

Feverse
breakdown

71

forward /-
blocking

o
Chapier 4: Switch realization



Tiyuns R4 10

= Positive feedback —a Iatchmn
device
e

* A minority carrier device

* Double injection leads to vary Iow
on- ras’.stance ham oy

= Simple construction, with large
feature size

+« Cannot be achw WW off
= A voltage-bidirectional two-quadrant
switch

= 5000-6000V, 1000-2000A devices

iy
Sforward
WT conducting
nNecoo.
M ; 'h’? Lﬁf“ﬂll]
1 increasing i . - ‘f =
fm‘::x }E:!;:E‘,:ie‘ o :’:x
reverse ’%
\ breakdown
w.n "
_ Necdt alieTo 2
crossing dadury oft

" Fundamentals of Power . i ¢ Chapter 4: Switch realization
MW Switch for Povier mains



F"j ﬁ‘l’ Q| e
Why the conventional SCR ¢ off

via Eate control

* Large feature size

* Negative gate current
induces lateral voltage
drop along gate-cathode
junction

58 Chapter 4: Switch realization
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Why the conventional SCR cannot be turned off

+ Large feature size

+ Negative gate current
induces lateral voltage
drop along gate-cathode
junction

- Gate-cathode junction
becomes reverse-biased
only in vicinity of gate
contact

Fundaementals of Power Electronics
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The Gate Turn-Off Thyristor (GTO) **

+ AnSCR fabricated using modern techniques —small feature size
* Gate and cathode contacts are highly interdigitated Ry

+ Negative gate current is able to completely reverse-bias the gate-
cathode junction

Turn-off transition: -
+ Turn-off current gain: typically 2-5

= Maximum controllable on-state current: maximum anode current
that can be turned off via gate control. GTO can conduct peak

currents well in excess of average current rating, but cannot switch™
off

T
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The Gate Turn-Off Thyristor (GTO) ! # »

4ym-on  tume

* An SCR fabricated using modern techniques —small "
* Gate and cathode contacts are highly Wﬂ i 'l"
* Negative gate current is able to L reverse-bias the gate-

meheds i e okt

Turn-off transition: Yﬂ v Poy ,‘-. 4\.'.0;".—

* Tumn-off current gain: typically 2-5  «=_ 1 h I aw ‘U

in excess of average current rating, but cannot switch,

* Maximum controllable on-state current: Wnt ‘b
ihat can be lumed oft ia gate control. GTO can peak  |{
w
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The MOS-Controlled Thyristor (MCT)

S
+ Still an emerging Anos

device, but some Gate I

devices are i /

. , Ayl
commercially available — Mg ///// =2
. y —_— ] / L —

* p-type device i W p [ J v
- A latching SCR, with , _ "

added built-in L cramnel

MOSFETs to assist the Q, channel P

turn-on and turn-off _ — -

. n —=

processes (i A A AT A AV A A il
+ Small feature size, T g

highly interdigitated, Cothode

modern fabrication
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The MCT: equivalent circuit

i = .’ —
Cathode + Negative gate-anode
voltage turns p-channel
MOSFET Q, on, causing
0, Q, and Q, to latch ON"

+ Positive gate-anode »
0, 0, voltage lurns n-channel
MOSFET @, on, reverse-

Gate o—-——, Q; E[ '_‘ biasing the base-emitter

junction of Q, and turning
off the device h

* Maximum current that can
3 be interrupted is limited by
Anode the on-resistance of 0,

Fundamenlals of Power Electronics 73 Chapter 4: Swilch realization



Summary: Thyristors
Y

+ The thyristor family: double injection yields lowest forward voltage
drop in high voltage devices. More difficult to parallel than
MOSFETs and IGBTs _

"

- The SCR: highest voltage and current ratings, low cost, passive
turn-off transition

+ The GTO: intermediate ratings (less than SCR, somewhat more
than IGBT). Slower than IGBT. Slower than MCT. Difficult to drive. ..

« The MCT: So far, ratings lower than IGBT. Slower than IGBT. Eas f
to drwe Second breakdown problems? Still an emerging device.’

: .
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Summary: Thyristors : '-'l" N7 wh
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* The thyristor family: double injection yields lgivest forward voltage S"
drop in high voltage devices. More difficult t6 paralle) than 4 ow
MOSFETs and IGBTs - s,r‘

* The SCR: lﬂw_ﬂﬂww low cost, passive 5N
turn-off transition Y m 'bﬁ Tonw = WERA

* The GTO: intermediate ratings (less than SCR, somewhat more *
than IGBT). Slower than IGBT. Slower than MCT. Difficult to drive.

o
* The MCT: So far, ratings lower than IGBT. Slower than IGBT. Easy
to drive. Second breakdown problems? Still an emerging device.

e
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Summary of chapter 4
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8. The diode and inductor present a ed i i to the transistor.
When a transistor drives such a , It experiences instantanesus
power loss during the switching transitions. An example where this leads to
significant switching loss is the IGBT and the “current tail" observed during
its turn-off transition.

9. Other significant sources of switching loss include diode stored charge and
energy stored in certain parasitic capacitances and inductances. Paraamc
ringing also indicates the presence of switching loss. e

Fundamentals of Power Electronics m Chapter 4: Switch realization



High Power
Sixpacks for
Motor Drives

flowPACK 2 3 gen
up to 150A at 1200V

4:9.4
® IGBT4 technology for low

saturation losses and
improved EMC behavior

® Low inductance layout
and compact design
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Summary of chapter 4
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5. Majority carrier devices, including the MOSFET and Schottky diode, exhibit
very fast switching times, controlled essentially by the charging of the
-device capacitances. However, the forward voltage drops of these devices
increases quickly with increasing breakdown voltage.

6. Minority carrier devices, including the BJT, IGBT, and thyristor familyg can
exhibit high breakdown voltages with relatively low forward voltage drop.
However, the switching times of these devices are longer, and are
controlled by the times needed to insert or remove stored minority charge.

7. Energy is lost during switching transitions, due to a variety of mechanisms.
The resulting average power loss, or switching loss, is equal 1o this energy
loss multiplied by the switching frequency. Switching loss imposes ap
upper limit on the switching frequencies of practical converters.

Fundamentals of Power Electronics 92 Chapter 4: Switelg realization



Summary of chapter 4

8. The diode and inductor present a “clamped inductive load” to the transistor.
When a transistor drives such a load, it experiences high instantaneous
power loss during the switching transitions. An example where this leads to

significant switching loss is the IGBT and the “current tail” observed auring
its turn-off transition.

9. Other significant sources of switching loss include diode stored charge and

energy stored in certain parasitic capacitances and inductances. Parasntlc
ringing also indicates the presence of swﬂchlng loss.

o

o
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Chapter 5. The Discontinuous Conduction Mode
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5.3. Boost converter example — b
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Reduction of load current

:2 blﬁ

Increase R, until I = Ai, . CCM-DC.

k.
Tt} T -

Minimum diode current is (7 - i, ) gt

e Oc component = V/R dl
Current ripple is ‘
. _(V,-V) _ V.DDT,
A==l ==y

Note t“ﬂw.nm, T
does not. -
T
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5.1. Origin of the discontinuous conduction
mode, and mode boundary

-— - ——
Buck converter example, with single-quadrant swi

3 A continuous conduction mode (CCM)
[ ; igfih g 5 »

mall ripple for o,

A %} T o 1 r RS v T | ‘w L

T -*
b it B

L :
Minimum diode current is (7 - Ai, ) i o, T, T
=== Dc component = V/R T W 0, ~
Current ripple is < i :
{I:’p V) V.DDT, = Mo tmall il boe y
. W ap— DT it ; fa
Note that / depends on load, but i,
does not.
A—————— ! | -
. o, I, :
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Reduction of load current

#
e
Increase R untily = Ai
L CCM-DCM boundary
it g L
-,m -L *. =
'r T o by -
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Minimum diode current is (/ - Ai, ) et @ | o "o,
Dc component /= V/R igit) _
Current ripple is v
. _(V,-v) _ V.DDT,
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Further reduce load current R

————

Increase R some more, such that / < Ai, Discontinuous conduction mode
L

o e " R[]
L2l l;,-r';j
I _ |
Vr .FJ‘. [ B } ¥V
L T -

Minimum diode current is (/ - Ai, )

-—InT, —--—DT --tﬂ_,?'-

Dc component 7= V/R g~}
Current npple is it} t
(V=¥ V, DD'T, I N'IH
Sy Bl e—ap=
Note that / depends on load, but Ai,
does not. [’\ _
The load current continues to be 0 DI T
positive and non-zero. — D1,
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Mode bounda_r:y

I=>Ai, for CCM

I<Ai, for DCM

Insert buck convert ssions for [ and A, : '\;L
DV, DDTYV, e '2 A LIRS
_E"I“ < 21.- - c Q| t

Simplify: P Ceg

‘L*‘f "W -r.: D

This expression is of the form
K<K_iD)y for DCM

where K= ‘%‘}‘ and K_(D)=D L ‘l’ﬂﬂ- '%‘,‘\\
R Yoo big
Ky
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Critical load resistance R, (' ‘,&:::g 1.,)

= _ = : ————

- Solve K_,,, equation for load resistance R:

R<R., (D) forCCM = b‘bdi
R>R._ (D) for DCM " Sh.lm t

where R. D)= é%.-

Fundarmentals of Power Flectronics L Chapter 5: Discontinuons chsfuction mode



Summary mode boundary

WS S—". < Y Sﬂ—ﬁ%
K>K, D) or  R<R,.D) forCCH Poraolle l
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Introduction to 2
Discontinuous Conduction Mode (DCM)

——Lﬂr’nﬁo GH\_}MT

» Occurs because switching ripple in inductor current or capacitor voltage ) i4
causes polarity of applied switch current or voltage to reverse, such : hﬁi

that the quurent_ or voltage-unidirgctional gssumetions made in reafizing ) Ve
i

the switch grg violated.
» Commonly occurs in de-dc converters and rectifiers, having.single- w3 el

Quadrant switches. May aise.ocqur in converters having two-guadrant ]
- Siuiiches. _ - Qpen
“? « Typical example: dc-dc conv i i (small load 1&‘ s
W i/ current). Someﬁnmww olwé

designed to operate in DCM at all loads. Do
« Properties of converters change radically when DCM is entered: Md f‘c

o R _
00 - G 0opD "f ﬁ*nhm-

Dynamics are altered «=—
Control of output voltage may be lost w

- C\\?ﬁ L]

load is removed

Fundamentals of Power Electronics Chapter 5: Discontinuous conduetion mode
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Introduction to g
Discontinuous Conduction Mode (DCM)

— — S ———ee—————————

« Occurs because switching ripple in inductor current or capacitor mltiga
causes polarity of applied switch current or voltage to reverse, such

that the current- or voltage-unidirectional assumptions made in realizing

the switch are vig|gtgd.

« Commonly occurs in de-dc converters and rectifiers, having single-
quadrant switches. May also occur in converters having two-quadrant
switches.

« Typical example: dc-dc converter W (small load,
current). Sometimes, de-dc converters and rectifiers are purposely
designed to operate in DCM at all loads.

» [Eropertigs of converters change radically when DCM is entered: g,

M becomes load-dependent - S
Output impedance is increased

Dynamics are altered o
Control of output voltage may be lost when load is removed

Fundamentals of Power Electronics 2 Chapter 5: Discontinuous conduction mode
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5.2. Analysis of the conversion ratio M(D,K)

Analysm techniques for the discontinuous conduction mode’ *
@ Inductor volt-second balance

{v,}-——rl—”[r vwindi=0 ouf h‘] ' f‘ﬂk
@ Capacitor charge balance 7 ele mend s

{ic) = .}— r' iy de=0

( 3 , Small ripple approximation sometim e \‘m ’vh!*
vit=V  because Av {{V ,.r-"""'_ I-Vln'ﬂ ’Hi*\
i) =1 isa pourappmxlmalmn when Ai >/ au > I

Converter steady-state equations obtained via charge balance on
each capacitor and volt-second balance on each inductor. Use care in
applying small ripple approximation.

Fundamentals of Power Electronics 1a Chapter 5; Discontimmous condiiction made
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Thmcﬁxample?\z{nalysis of 2. .74 @

DCM buck converter M(D,K)
—

. gﬁ‘ e
V15 ,6 subinterval 1 ﬂ%}

Ir"J 'F
wft) 0
auhmtarval 3 N . D

New 3
Civevi cl-

Fundamentals of Power Electronics ""g "D Chapter 5: Discontinuous to.r:.'mﬁnﬂ mode

diede :"nns for ureverse




Inductor vult -second balance
t“ Vo ‘S.‘-a.h—

V.-V ‘\
=B DT, DT K‘r
L f’t r— uﬂ(f&lﬂl“]
V &
Yli:.n W L * o

'I"‘._“'j L

Volt-second balance:
(vdn)) = Dy(V, - Vj+D[—Fl+fJ.[U] 0

Vsvally
o iR " D, 56* by lutyndf
V=V.5,+D. note that D, is unknown

Fundamentals of Power Electronics 15 Chapter 5: Discontinuous r:x:ﬁmim il
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Exan?ple: Analysis of i
DCM buck converter M(D,K) ’

— Bt
= ST (.‘B{" -y nchr
qh . “ + rl* = o]
subinterval 1 v, %) '
/

\ J:"I-"' ift l " subinterval 2
v, o, C .|. R ¥ sl v,
eri

subinterval 3 i (%

Fundamentals of Power Electronies 1 Chaprer 5 Discontinuous conduction mode



Capacitor charge balance

node equation:;

capacitor charge balance:

(i)=0
hence
(i)=V/R

must compute dc
component of inductor
current and equate to load
current (for this buck
converter example)

Frundamentals of Power Electironics

—

i Wik - OV“'

i _‘f_ lv v?,

c‘?_|_ R$ U 8
fleh | bbL“ B;)

/N wrd )0

<ip= =1

] or, T ]
a—0,T wjo— 0,1, —eie-D,T +|

i Chapter 5: Discontinuous conduction mode
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Inductor current waveform

= = =‘ -

peak current:
. P T
WD\T)=i,= 'L
ave current:

iy i
()= [ it ar
triangle area formula:

L o
J; i(t)dt = %@D. + DT, equate dc component to de load current: Kq\

o
|

] &
e DT, e T, wle DT, -

DT
== (D, + D) (V.- V)
(i) =(v,- vy 2l ST .0, +D, - ol

Fundamentals of Power Electronics 1 Chagrter 5: Discontinuous condiiction mode



Solution fpr V

i

B ———

Two equéﬁons and two unknowns (V and D,):

D,
V=YoD s B,
DT,
% (D|+D4{V V)

(from inductor volt-second balance)

Eliminate D, , solve for V:

4

2

= T pe—
V, 1+J1+4K/D’

where
validfor K<K,_,

Fundamentals of Power Electronics

K=2LIRT

(from capacitor charge balance) »

\J

:‘Vﬂ
¢,
Tesd Wle

v OWE
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3'1- LM) > Yo ((em)
Vo LAngRE
ﬂa“ ‘ﬁuck Buck convertei M(D,K)

Mm,x:m 1 - 7 oﬁ.‘-’ ﬂﬁ ::f 0
%

D farﬁ':».l{

M= {m ﬁurK < K
Bot Yo Oaﬂj‘s

Voy
from €N 3o PEV
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Summagy of DCM characteristics

¥ nque ta -

(3] illg’ e

Table 5.2. Summagy of CCM-DCM charcteristics for the buck, boost, and buck-boost converters

 Convener __poumwx  poudR)  cowmw
Buck (1-Dj VW T B MWDK ..
Boost D(I- Dy ETURYT 7T S B mwx) i
%‘d.—ﬂmﬁmﬂ . (-DF ﬁf L “T°h
s ‘\ with  K=2L/RT. DCM occuns for K <K, _

K ﬂ:%a‘b.’l_o 3y

Fundamentals of Power Electronics ' M Chapter 5: Discontinuous conduction mode
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Summary of DCM characteristics

ok T *» DC and

s cmM'mﬂ‘mctastics ;‘};“‘
Symatticto dis] and to
the DCM buck-boost™

characteristic y

bt DCMIHN-N ,1‘
racteristic is linear ‘l' "
* CCM and DCM
characteristics intersect at
mode boundary. Actual M

follows characteriskig
0 having larger magnitude
[£] .2 4 [1T] & | 2 ¢ c-ha st].c is
*  Ne “ﬂ( Jsaiginear
Fundamentals of Pawer Electronics ﬂ‘@&? T Chapter §: Discontinuous conduction mode
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Summary of key points
e e —

1. The discontinuous conduction mode occurs in converters

containing current- or voltage-unidirectional switches, wherr the
inductor gurrent or capacitor voltage ripple is Jarge enough jo
cause the switch current or voltage to Ww.

2. Conditions for operation in the discontinuous conduction mode
can be found by determining when the inductor current or
capacitor voltage ripples and dc components cause the swijﬁh
on-state current or off-state voltage to reverse polarity.

3. The dc conversion ratio M of converters operating in the
discontinuous conduction mode can be found by application of

the principles of inductor volt-second and capacitor charge .
balance. .
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Summary of key points

4. Extra care is required when applying the small-ripple Sldhk
approximation. Some waveforms, such as the

should have small ripple which can be neglected. Other
waveforms, such as one or more inductor currents, may ha\fa
large ripple that cannot be ignored.

5. The characteristics of a converter changes significantly whep
the converter enters DCM. The output voltage becomes load-
dependent, resulting in an increase in the converter output
impedance.

55

Furndamentals of Pewer Electromics Ll Chapter 5: Discontinuous couduction maods






“I guess we didn’t really
think about the prospect
of her burning up on

: ;o re-entry.”
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