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Smart Power / Smart Switches
(1 < 50-100 A, V < 1KV):

Vertical Power devices + Lateral Devices for (some) logic

__________________________________

, Lateral Logic .
Vertical Power MOSFET Level MOSFET | ...

“““““““““““““““““““““““““““““““““““““““““““““““““““

If Drain of Power MOSFET at positive voltage - devices are insulated
by the reversed biased p-body - n-drift region junction

Power Integrated Circuits

1. Discrete Modules (Higher |-V range)

2. Smart Power / Smart Switches (I < 50-100 A,
V < 1KV):

3. High-Voltage Integrated Circuits (e.g. BCD
process -1 < 50-100 A, V< 1KV )

4. High-density Power Management IC (e.g. high
density BCD process —V < 100 V)



STM BCD Process

Merged in one process platform

STM BCD Process

Three process technologies on a single chip

* Bipolar for precise analog circuits (e.g. bandgap)
* CMOS for digital design

* DMOS for power and high voltage

Pros:

* Improved reliability (no bonding, no complex packaging)
* Reduced EMI

* Smaller chip area (improved integration)

Cons

* No component is optimized (e.g. digital is not optimized (long
channel lengths and thick oxides))



STM BCD process family

HIGH DENSITY HIGH VOLTAGE

0.16um

0.11pm

Chronology of BCD Processes

60V, 4um, 12 masks
(as a BJT process)

2.5um CMOS, LOCOS

1.2 um twin well
ST BCD-5 CMOS, NVM, 3ML

0.18 um CMOS,
6 ML, NVM

Now BCD
by STM, Freescale,
TIl, TSMC, UMC, GF,
SMIC, IFX

Chronology of BCD process taken from Fig. 4.4 of Y. Fu et al. CRC Press,

2014

ST BCD-8




Capabilities of power devices

7 ¥V andmore

5k -

SV

41

E A

2KV

1V

0

|/1 MHz and more

Frequency

The domain of MOSFETs and IGBTs is increasing

T
0 Z00A

Infineon 130 nm BCD

»
9t . ~
g ‘y ‘.‘-s_s_.t_; L&L._L*L...\_.-
il "

i if it

Current

100 Hz

Courtesy of
Wikipedia (Cyril

5 metal layer

STI

Buried layer
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Evolution of power semiconductor
devices

Active devices are a large fraction of the total system cost 2>

actual design try to minimize the number of active devices used
and their maximum ratings (cost)

. Courtesy of
Progress In IGBTS  ifineon 2011
Development of power density for IGBTs"

junction temperature

125°C Lol 175°C

300
E
O
S 200
ot
ey
@
| e
5
< 100
:
:

150

5
0

1990 1995 2000 2005 2010 2015 2020

* Chart made for a device with 1200V breakdown voltage. year of market introduction



Evolution of power semiconductor
devices

Active devices are a large fraction of the total system cost >
actual design try to minimize the number of active devices used
and their maximum ratings (cost)

Progress in Power devices DRIVE changes in circuit choices and
market adoption.

Examples:

* power MOSFETs —> switched-mode power supplies
* |GBT -> Energy efficient motor drives with inverters
Next

New materials: SiC, GaN -> Class D audio amplifier, inverter for
motion control — AC-DC and DC-DC power supply

Evolution of power semiconductor
devices

Active devices are a large fraction of the total system cost >
actual design try to minimize the number of active devices used
and their maximum ratings (cost)

Progress in Power devices DRIVE changes in circuit choices and
market adoption.

Examples:
* power MOSFETs —> switched-mode power supplies
* |GBT -> Energy efficient motor drives with inverters



Resistance in the ON state R,

if we put the breakdown field E, in the place of E, and the
breakdown voltage V;, in the place of V:
© 2Wpp =WEp > W = =2

Egpp
GEéD

N
© 2Vpp L= Ej, >qNp =

2Vpp
Ron IS due to transport in the drift region. In the case of no
conductivity modulation n=N, (MOSFETs and Schottky diodes):

] 2Vao|l2Vin| 2 V2,
] EBDJI'{GE&?'DJ_ ue Egp,

Comparison between different
materials for power FETs

Let us consider a PN junction with NO punchthrough:

* W is the width of the depletion
region (contained in the drift

po{})ential regi on)
* Electric field at the junction:
E N
E= 12y

&

* Voltage drop Vin W:

_1qN, . WE
V_Z € W= 2

g N
W * We also have ZVCI—D=E2

€



Thermal properties of alternative

semiconductors
—mmm
Bandgap at Room T (eV) 1.12 1.43 2.2-3
Thermal conductivity (W/(cmK)) 1.5 0.5 [5 1.3 ]
Max Operating Temp. (C) 150 300 600-1000 400
Saturation velocity (cm/s) le7 2e7 2.5e7 2.5e7

Higher bandgap = Harder impact ionization = Higher E;j

Higher bandgap = Lower intrinsic carrier density n, at a given T
- Lower leakage currents at given T
- Higher Max operating Temp

FOM of alternative materials (to Si)

4 VBZD
RoyA =
o He EED
The breakdown voltage is a system specification

- For the same Vy,,, different materials give different Ry,

Baliga proposed a Figure of Merit for materials normalized to Si:
FOM = ueE;,

Breakdown Electric Field (MV/cm)

Electron mobility (cm?/Vs) at 300K 1350 8500 370 900

Relative dielectric constant 11.8 134 10 9.5
BFOM = 1/(ueEgp) normalized to Si 1 17 119 5317




SiC devices

* SiCdiodes, SiC JFETs, SiC MOSFETs

* SiCJFET (Infineon) gate

source source

drain

Siemens 1999,
STM 2000

Superjunction MOSFET

Planar MOSFET

Super-Junction MOSFET
P-pillar introduces a charge sharing mechanism that enables to
increase drift region doping (10x) for the same Vg and drift region
thickness :
. Source:
For Vg, = 600 V = 5x reduction in Ry wrt MOSFET Fairchild AN5232



Energy (eV)

Comparison between different

technologies
Superjunction SiC JFET GaN HEMT
a) MOSFET b)
S G
. |
! i
77 I |
- @
',l’,:’/l | D :
o i
o . : n-Epitaxy B Metal/Poly-Si
7 : p-Implantation | AIN/AIGaN Barrier
: p+-Implantation Si Substrate
D ! n+-lmplantation = Buffer layer
Oxide

GaN-AlGaN MIS-HEMT

Gate
dielectric

Only 2 producers now: IRF and EPC

Source

L

2

1 \ AlGaN

0 e

y _ 2DEG

2 - GaN

-3 \/f 1

-4 Transition layers

0 20 40 60 80 100 120 140 160
Distance (nm)

Silicon substrate

» No pn junctions (only majority carriers)

 Lateral device (reduced capacitances, high fields in the upper
layers)

* Normally ON



Courtesy of

Power versus frequency ifineon 2011

power by application [W]

® Large solar
plants

........... foem: W Trams, busses
m Electric cars

®m On-roof PV

® Small drives
i B Airconditioner
sic i i | m Robotics

m HVDC
1.6 qmmmmmmenes e pommme- | High-;urrent-
. , | Ultra high power | SuPPlies.
H i i i i ' . m Large drives
100 v SR R — iy e
: _ High POWET g | ocomotives
10 M 7 ~ '§ """"""""""""""""

|
- g

100 k

Thyristor

10 k

® Washing
1k MOSFET machine
q B Switch mode
100 : \ power supplies
10 100 1k 10 k 100 k 1M i0M 100M '

frequency [Hz]

Roy COMparison

T Other 1
CoolMOSCT ~ ~ @ = = — — _ _ _ _
CoolMOS OP %~ _ _ ¢ Other2 | Superjunction
€ Other 3~ MOSFET
£ 100 "
€ CoolMOS C7
G, .
% GaN HEMT
" : _— SiC JFET |
£ 0.10 —&— Si Superjunction MOSFET
g —e—SiC FET
a —a—GaN HEMT
o
?
0.01 : | 4

2000 2002 2004 2006 2008 2010 2012 2014

GaN also has lower output switching charge, enabling higher frequency



Problems of alternative materials

Silicon has enormous accumulated past investments. Money
spent on other materials is small in comparison

GaAs

— Small wafer size (= higher cost)

— Unwanted impurities = reduce EBD and carrier lifetime
— No oxide (is it really a problem?)

SiC

— Even smaller wafer size and more impurities

— SiC-SiO, interface not perfect

GaN

— Reliability issues (impurities)

Ideal limit of SiC and GaN
have not been reached yet

Si-limit 6H-SiC-limit
1= - — i
— A Si-SIMOSFET /
@ SiC transistors 17 / I L 1l
— @ GaN-HFET 7 Kansai EIe.Pow__Matsusmta( 07}
(DMOS)\ | /T \/GaN
& 100m P AT ——wrm—— >
§ /—|This workf——=— % — 2 sic-imit
£ Tashibaj \ i I |! |
< Fuji Ele. g |\ \ . SiCED(SIT)
- L’ » ’
8 / A —Cree(DMOS)
5 1om |nﬁneor]/""" Rohm(Dhﬂ(‘msk e | /CalHimit
-2 Philips — A i
g ’I Ps R H bk 7 I 1
< V4 Toshiba('07)ag % Rutgers |7
© /———Sanken( 07> Univ.(SIT)
S 1 R g 4 A
2 A +"| o USCC(08). ,cgp06)
@ m Densoh =L AIST(SIT) 7/ t b }
—— Sl I // I
1, JE
7 .
a8 |
L /
0.1m : z
100 1k 10k

Breakdown voltage (V)

Fig. 12 of Ikeda et al. Proc. IEEE Vol. 98, pp. 1151-1161, 2010.



DC-DC Converters

Typical uses: Types of converters
* DC Power supplies * Step-down (buck)
* DC Motor drives e Step-up (boost)
* Portable Electronics * Buck-boost
e Cuk

T } * Full-Bridge
li Ac|t g Uncontrolled DC L Fil DC DC
Ine voltage Diode ilter DC-DC Load

(1—ph:se or Rectifier | (unregulated) Capacitor{ (ynregulated) |Converter| (regulated)
3-phase)

Veontrol

Figure 7-1 A dc—dc converter system.

Added value of SiC and GaN

Intrinsic High Junction T High ele mob
Properties

Impact on

No recovery time
Operation

Impact on Power

Lower losses
Module

Less cooling Smaller filters

needs passives
Impact on Power

System

Smaller size and
weight




Step-down (buck) converter

DC power supplies, DC motor drives --V_ <V,

Low-pass filter keeps g
output voltage + Low-pass
constant — Trer__
|k, o,
Note: 2" ordernon Ve . {4 I
.. . . I L I +
dissipative filter vy | 4o - | v, =V, %(Ioﬁd)
f — L f. —— U
_ —
¢ 2nyrc ¢ iy
T
Diode avoids voltage ' Va —
spike on switch (when | ] T ““T‘Z‘"““““ -
switch is off, diode 0 -t
rovides current to L) P ton———tor—
P p—1, = ——

Ideal concept of step-down

converter with PWM* switching
v, (¥ Pulse Width Modulation)

output l ;F
Va '_——_+ 0 ' —= ¢
R v, IF‘ fon '1L t°"_"|
- %Ioad _ |- T, -
fa) {b) Vo = Vy tO_n
Figure 7-2 Switch-mode dc—dc conversion. TS

Assumptions: Switches, L, C are lossless, DC input has zero internal
impedance, load is an equivalent R

This cannot work: 1. Load is inductive and can destroy switch by
dissipating all stored energy, 2. output voltage must be continuous



Limit of continuous conduction

Ipeak

If the ripple amplitude I, p =

of continuous conduction (i.e. min{l, } = 0)
I Ipeak on(Vd B Vo) _ DTSVd(1 — D)
LB= "2 2L 2L

'L Vg-Vo Iig = I, V4 = Constant

— _ILB, max =

ton _J'___ ‘oﬂ—'i

- T,

] = I)
0 0.5 1.0

|
-
{a) (b}

Figure 7-6 Current at the boundary of continuous—discontinuous conduction: {@) current
waveform; (b) I, 5 versus D keeping ¥, constant.

Continuous-conduction mode

w Tg = ton + tofr

Currentin Lis always >0

il Vg-V,
tont 7 = -0 °r -
dt L
. car_ Ve
Lottt 3¢ = 77 - et
L 1
At steady state: I(t + Ty) = I(t). —t -~
| -
Therefore . ! I S
v, —V, Vy | | i
I ° ton — Ttoff =0 - et —]
ton i / \ i,

= I,, the converter is at the limit

= ILBmax4D(1 - D)

i . I
0 = 1.V,

8L




Discontinuous-conduction mode

with constant V, W

. (Va = Vo)DT; _ Voy T A
pea L L =; v, (D+A1)

I _ Vd Ts D Al o Ny '
( peak =TT D 1+ A, e wyaen B N ol
Vd; | I, T I"kt
[ =8I _ba, ° j
peak LBmaxD + Al

Ipeak(D + Al)Ts

I,Ts = —— DT, — kA
o*S 2 =4 S " AlTS_I;i

Figure 7-7 Discontinuous conduction in step-down converter.

I, = 4‘ILBmaxDAl\’ W D?

Vd DZ + Io/(4ILBmax)

Limits of continuous-discontinuous
conduction (constant V)

Continuous

V4 = Constant

I
1.|5 21.0 :(ILB,omax)

TsVd
I max = 8L

Figure 7-8 Step-down converter characteristics keeping ¥, constant.



Discontinuous-conduction with

constant Vo‘m_

At the limit of continuous conduction

V,Ts(1 — D)
Iip = 22 2L = I gmax(1 — D)
We can write D explicitly from:
V,A4T.
Ipeak = % = 2[1,Bmax21
Lyear(D + Ay) Va D+
I, = peak = = ILBmaxAl(D +Ap) v
2 Vo D

[ =

2

Va ﬁ
ILBmax Vo Vo

Vo Iy (1 Vd)‘1
VdILBmax Vo

Limits of continuous-discontinuous
conduction (constant Vd)

Continuous Yo
V,
IO ’ Vg4 = Constant
>4D(1_D)1o D =10
I LBmax ' 0.9
V 0.75 0.7
o)
—=D 05
Discontinuous 03
. . 0.25}- -7
Discontinuous - 0.1
- I,
) Ole— I 1 L 1 :(I )
0 ] 0.5 10 1.5 2.0 LB, max
—— < 4D(1- D) o
LBmax LB, max = g7~
V. D 2 Figure 7-8 Step-down converter characteristics keeping ¥, constant.
o]
v, i
d D 2 + 0

4'ILBmax



Output voltage ripple

First order calculation: o
The average iL flows in the Va = v t
load, and the ripple
component in C. (-v)
Additional charge: " P
1AL T, yyr
AQ = ETL75 /////////////////// .
1
Current ripple: | ' -1
Al = (V,/L)(1 — D)T; | | i
|
Voltage ripple: 0 ! = >t
A |74
av, =22 = o 121 _p)
C SLC 2 2
AV, 1 — <
P v, 20T
¢ 2m\IC

Discontinuous-conduction with

constant Vow

Continuous: [, > I; 5

D
Io
D > 1 - 1.0 V, = Constant
LBmax °r
D Vo
Vd 0.75

Discontinuous: [, < [;
0.50

lo

D<1-

0.25

ILBmax

Vo I, (1 Vd>‘1
VdILBmax Vo

0 ( o )
I
0 0.25 0.50 0.75 1.0 1.25 LB, max

TIVO
Irp, mex = 37°

Figure 7-9 Step-down converter characteristics keeping 7,
constant.



Continuous-conduction mode

vL

Periodic conditions:

Vo

toan n toff(Vd - Vo) -0 °
L L
if top = DTg and
tost = (1 — D)Tg

n 1 /
V, 1-D L

No losses: Yoo -
Wi, = Valyg v

fa)

Step-up (boost) converter

* DC power supplies

* Regenerative breaking of
DC motors

Output voltage always larger
than the input

Switch on - diode off, output
isolated, L accumulates energy
from input

Switch off = diode on, load
receives energy from input
and from L

. |
i, 11 v
e
L
o+ oy, - co=
Va
’\



Discontinuous conduction mode
(constant V)

Periodic conditions:

DTVy A T(Vy — V) UL .
+ =0 ir, I
L L Va
0 i t
(Va - Vo)
— pT,—} A1T,-|--|—AzT,
L TT N
I s —I

Continuous-discontinuous boundary

Average currentinL
=ripple : V, = Constant

Average output
current at the limit:

I,g =1;5g(1 =D
_ 0o*S

2L
l,gis max if D=0.5 2 I} pax = =

l,gis maxif D=1/3 2 I pmax = ——




Discontinuous conduction mode
(constant V)

Periodic conditions:

DTV  DyTo(Va —Vy) oL |
+ =0 i,
by b1 i IZ
9 = 1 + — = _d 0 t
Vd A1 Io
Average currentinL
DT, V,; (D + AT, (Vy— V)
IyTs = I > - DT, >I- A1T,—-|--|—_J a,T,
Average output current = T, g
Aq _ .V,

I, =1 = DA
°7dpyp, 2L T

4V (Vo Lo
D=|———-1
B Z Va4 D2 Va ﬁ 27V, (Vd )IoBmax]

= I —
4 oBmax VZ) Vo _ Vd

N =

Discontinuous conduction mode
(constant V)

Periodic conditions:

_ EcionNns:

DTV  MT,(Va=Vo) _ e B
L L 7 — O
Yo _1, D0 _la D 7
V4 Ay, AN, T,




Losses and ripple

Losses: inductor, capacitor, switch, diode

Ripple: first order assumption: when the switch is on the Cis
discharged through the load

AQ I,DT; V,DT,

Ao = C RC

Continuous-discontinuous mode
(constant V)

Continuous mode: D

IO > IOB 1.0(

= lopmax 271 - D)ZD \\\\ Ya_ o025
4 075} =~ L

1%
pD=1--2

Vo
Discontinuous mode:

I, <lI,p

0.5

Discontinuous

0.26

4 V, (V, I, o
D=|—7=(7—-1 ) 1 1
27Va\Vy4 lopmax 0 0.25 0.50 0.75. 10 125

N[ =

I8, max = 0.074 %

Figure 7-15 Step-up converter characteristics keeping 7, constant.



Continuous-discontinuous boundary
Current in L at the boundary
. DT,V,
LB = 57
Output current at the boundary:

T.V.
Iop =11g(1—-D) = = 0(1_D)2 1o

I;p = ILBmax(l — D)

lop = IoBmax(l - D)Z

2L

0.75

V, = Constant

T,V
ILB. max = IaB. max = 5_0
0.50 \

0.25— \
I,p/l,B, max/'\\

0 1 ]
0 0.25 0.50 0.75 1.0

(b)

Buck-boost converter

Negative DC power supply

Switch on: inductance —

accumulates energy, diode off, * J

C supplies the load

Switch off: diode on, Va o, — l -
inductance transfers energy to oL ll" c v, ?R
the capacitance and to the load e T .

Periodic conditions in

continuous conduction mode: :> Vo D I
DT,vy V,(1—-D)Ts _ 0 Va

L L




Continuous-discontinuous mode

Continuous operation
Iy > lop = IoBmax(l - D)ZD

|74
D _ (0] l.OI—
Ve =, \
. . . \ Ve _o33
Discontinuous operatlon o.75—\\ £
N 7" =10
v I 0.50 b -
D=0 0 N
N v,
Vd I oBmax 025 Discontinuous "\ Vf =40
. r n
egio \\
~
NS
0 ! .l L (Lo
0 0.25 0.50 0.75 1.0 1.25  \I,p max

TJVD
IaB, max = ﬁ

Figure 7-22 Buck—boost converter characteristics keeping 7, constant.

Discontinuous conduction

Periodic conditions:
DV4Ts . Vo1 Ts —0 - ' iL
L L i —
Vo _D _Iq °
Va By I
Average current in L: v
VDT, (D + AT, ?
ILTS = L 2 |-——DT,———+—A1T,—+-|—A2T,
Therefore: Fgwe 21 Bk bont o el .
D VT
L =1[|1+— )= DD+ A

2
I % % V I
. =DA1—d=D2(—d) >D =2 |—2
I oBmax Vo Vo Vd I oBmax



Cuk DC-DC converter

Negative DC power supply
DC analysis: Vpoy =V, +V, note: (Vo1 > Vy)
Assumption: Large C1 (Voltage almost constant)

iL1 + Vel — iL2
Y™ 1{ 7YY -
+ L, ) Ly
+ vy - T ovp2 +
V4 T D c RSV

Figure 7-25 Cik converter.

Output voltage ripple

When the switch is ON, C is discharged through the load




Cuk DC-DC converter

Negative DC power supply
DC analysis: Vpoy =V, +V, note: (Vo1 > Vy)
Assumption: Large C1 (Voltage almost constant)

Switch OFF: C1 is charged through L1 and the input, Diode ON,
L2 supplies energy to R (currents in L1 and L2 decrease)

Switch ON: L1 receives energy, Diode OFF, C supplies current to
R, C1 gives energy to L2 (currents in L1 and L2 increase)

i 'y
LI + ¥Yct - -111‘—2
IL 7YV -
+ L, ) Ly
+ vy - T ovp2 +
Vd T D C R Vo

Figure 7-25 Cik converter.

Cuk DC-DC converter

Negative DC power supply
DC analysis: Voy =V, +V, note: (Vo1 > V)
Assumption: Large C1 (Voltage almost constant)

Switch OFF: C1 is charged through L1 and the input, Diode ON,
L2 supplies energy to R (currents in L1 and L2 decrease)

i1 + VoL - iL2
Y\ IL Y -
+ L, G Ly
* v - vt
V4 T D C R V,

Figure 7-25 Cik converter.



Full bridge DC-DC converter

td
—_—

AppllcatlonS- + TA+/ DA+% TBJ/ DB+}S i DC-motor load
* DC motor drives 4 P U i

7T Py

+

* DCto AC conversion
in UPS v, 0, (= o~ )
* DCto AC conversion VAN
in transformer 1B

isolated power supply ~ 7a/ s Ts. / DB_% T —— )
Fixed V — —o— =
ixed V. o
Control p0|arity and Figure 7-27 Full-bridge dc—dc converter.
amplitude of Vo

¢

Two legs: A and B. Only one switch in each leg is ON at any time

Cuk " |

Periodic conditions in L1 o RCRG
VaDTy + (1 = D)Ts(Vg = Ver) =0 | '
Vd (-Vo) |

Ver = 1-D fua
Periodic conditions in L2 w_
(Ver = Vo)DTs =Vo(1 =D)Ty =0 —
.

c1=7p
Therefore
| .
Vg 1-D —r
Pro: currents . T
in L1 and L2 ripple free
Con: C1 must be large » w

Figure 7-26 Cik converter waveforms: (a) switch off; (b) switch on.



PWM with bipolar P
voltage switching. _,

When Vcontrol > VUtri,

-
TA+ and TB- are ON i

—_——_— D
==

1
Duty cycle — T, = 7
D1 =1 vcoll\troll VAN “,' .
2 Vtri 2 ¢ ' -t
When Vcontrol < Vtris : : i i
TA- and TB+ are ON 'BN —V;—
D2 - 1 — Dl ld —
I
I/O = VAN — VBN = D1Vd - Dsz : | : :
- (2D1 — 1)Vd | | | {
Vd AN—UBN)--——-————TV_-_TVd______.____
—_— b | .
- V/t;i Vcontrol ('IVd) t
_¥_
(To4+ Tg-) =||— Y =|L

n-state: (T4 _, Tg4) (Ta- TB4)
I 1

Full bridge DC-DC converter
When switch TA+ is on:
ip > 0:i, through TA+ —
I, < 0:i, through DA+ TA+/ Das %A TB}{\ DB*}S Jo RTOEEE

ig

Van = Vydutycycle(TA™) * T : i R, i
When switch TB+ is on: vAN ! i
I, < 0:i,through TB+ B . : " i
ip, > 0:i, through DB+ _ TA‘,/l DA_ZlS _T”-/1 DB_% iv%N - !
Vgn = Vydutycycle(TB*) pe

Figure 7-27 Full-bridge dc—dc converter.
Vo = Van — Vpn
Four quadrant operation
onV,, I,



PWM signal generation

V, (desired)———)-\
e Ucontrol
: Amplifier Switch
V, (actual)—-—;-/ Comparator =3 control
I—) signal

Repetitive
waveform

fa)

Ugp = Sawtooth voltage
Ucontrol
(amplified error)

pd
J/MJ: _

| |
| H/ll-”control > Vgt

|
|
|
O O
Switch - L
control
signal

Off Off
tot “~Ucontrol < Vst

]

(switching frequency f, = TL)
s

I
I I
I ]! |
! [

r—2lon

PWM with unipolar
voltage switching /X", A\ /"°°"'"“/L

(a) 0

|
When Vcontrol > Vtri, | F '
| ]
TA+ and TB- are ON /Itlm' :I'qM:lltl \/ —antm.

=0 TN /0 \N_/
] |
k= P+
Duty cycle | ——
|
VAN Ve | |
D, = = 4 eontrotf, i t
2 V. 2 R A T T B
tri 1 : : | T ! I
I
When —vV¢ontror< vt?{"i}r UBZ L s : -
[+ T T 1
- !
TA- and TB+ are ON T W B
A
Vo =Van — Vpn @ °
_ o On-state: (T,,,Tp_) [(T4,' Tg_) [ (T4). Tp_)
- l()lvd D)Z Vd : ; (Tao, Tg) (Tay Tgy)
= (2D; — 1)V, |k _ __.I because
|
Iz . | | | frequency of
— 77— Ycontrol ’
Viri A Vo is double
\.L LN A L
(e) (o] ! ! ' -

. LYY 4
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