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R Review of Active Clamp Reset Technique

Behind Your Desians

+VIN 04 (v
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ccramp | @ 03
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o
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SIDE E/A =

Typical configurations (a) Low side clamp (b) high side clamp

- Detailed comparison can be found in Tl Application Note (SLUA322)
Active Clamp Transformer Reset: High Side or Low Side?

- Main differences:
(a) Gate driving scheme
(b) Clamp and Reset voltage ratings
(c) MOSFET type for clamping
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The
P°R Review of Active Clamp Reset Technique

Behind Your Desians
PARAMETER HIGH-SIDE CLAMP LOW-SIDE CLAMP

1 1

Lo (1 = D) *VIn (1 = D) “Viv
D D

VRESET (1 = D) X Vin (1 _D) XViN
D 1

e (T25) Vi (=) % v

Cel Lower voltage by V|N Volts Higher voltage by V|N Volts

c

(applied voltage)

Highest V¢ occurs at Dpjax
Careful attention for wide VN applications

Transformer turns ratio critical at for limiting V|
Careful attention for off-line, high voltage applications

FET Vgg - UCC2893 PWM Controller

Cel . . . . . . :

(component value) Same value as low side for given ripple voltage Same value as high side for given ripple voltage
N-Channel P-Channel

AUX MOSFET Must be used for 400-V (off-line) input applica- Can't be used for 400V applications due to limited
tions VDS rating of available devices
Gate drive transformer required Simple RCD clamp gate drive

Gate drive AUX MOSFET Vg out of phase with main MOS- [ AUX MOSFET Vs in phase with main MOSFET Vs

- UCC2891 PWM Controller

Comparison of High- and Low-Side Clamp
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P.R Review of Active Clamp Reset Technique

Behind Your Designs

+WIN

Q1
CocLamp
03
T |z, 7

- Voltage Clamp
- Transformer reset
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R Design Material/Tools

Behind Your Designs

» Step-by-Step Design Procedure

- Designing for High Efficiency with the Active Clamp UCC2891 PWM
Controller (SLUA303)

- Advances / Differences of UCC2897 from UCC2891
(a) 20 —pin, QFN
(b) LineOV
(c) PGND
(d) Hiccup OCP
(e) Bi-directional f-sync
(d) FB and SS 2.5V instead of 1.25V

« MathCad Design Files (Power stage and Loop design)

«  EVMs (UCC2891, UCC2897, UCC2894)
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The
P.R Active Clamp single-ended forward converter in telecom applications

Behind Your Designs

« EVM Specs: Vin =36V to 75V, Vo = 3.3V, lo = 30A, Po = 100W

232 TN

CiS(m '»
R22ft-| >

39

TEXAS INSTRUMENTS
DANGER HIGH VOLTAGE  1owess Rev.A

-

UCC2891 EVM UCC2897 EVM

Technology for Innovators” Wi TEXAS INSTRUMENTS




UCC2984 EVM

Behind Your Designs

Input voltage: 390Vdc
Rated Power: 320W
Output voltage: 12Vdc
Output current: 26A

Tijjie s

| e,

‘u'?h’ m\é T R I
¥

G0.0 109
4718017909

_r! 2l
O
\
Texas Instruments
HPA223 Rev E2
ucc2e94

Texas Ir;strumania
HPA223 Rev E2
UCC2894
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R Design Procedures and Concerns

Behind Your Designs

* Power stage design
*  Program IC

«  Switching frequency, magnetizing inductance, two resonant frequencies,
and dead-time

« Switching losses and ZVS/VVS

« Capacitance at Vref and VDD should be minimum ratio 1:10 (e.g. if Vref
cap is .1uF then VDD cap minimum 1.0uF)

« Observing Vref maximum load capability, less than 5mA. If tie a resistor
between FB and Vref, that resistor typical value is about 2k ohm.

* Duty cycle (D) and turns ratio (N) to balance MOSFET voltage ratings
-N T — D 1T — more stress on main FET (primary)

-N | — D | — more stress on catch FET (secondary)
(a) forward FET Vds = (Vin/N) x D/(1-D) + Vo;

(b) catch FET Vds = Vin/N;

(c) primary main FET Vds = Vin x 1/(1-D);

(d) clamp FET Vds = Vin x 1/(1-D) - Vin = Vin x D/(1-D)
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R How to achieve primary main switch ZVS / VVS

Behind Your Designs

Real XFMR

— — —

M

v

Lp Leakage e
Lm = |

Magnetizing | |
— A
L Mutual
Inductance

Lout

- — — —
if_*_ —\: I Cout I ! *
! Q% D4 ;R" 4 Vout
LB \—*—1 }-5
. — &

Technology for Innovators®

« |f the secondary side leakage is

small the magnetizing energy
necessary to turn D1 on will be
diverted through D3 (Q3) during
the reverse recovery of D4 (or Q4
reverse conduction)

After the reverse recovery of D4,
the magnetizing energy will
continue discharging through the
loop shown in blue

Since there is no energy to turn
D1 ON, ZVS of Q1 does not take
place.
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R Principle of ZVS/VVS turning on

Behind Your Designs

Vei Lm ée CwlID To'N Vesz —\ [——-, o -*bead time
Vin C+> +Ve — . ) 1 ; : - : -
T Ij R Vs

L]

Vdﬂ(l‘) ]} I’ru-t i
L'OESI Fin |ooq

Coss2

IH —_— Vds reversed and clamped by the body diode.

(b) Theoretical waveforms
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R Fundamentals of LC Resonance

Behind Your Designs
T S ON OFF ON
§ 1_
Vs >
I I
:-_ . :: I - L k
Cin l o L 7 .
Ve S /’
»
1' C 3 0 J
/
® \A Vc_pk\\_.f
) =—
J LC N
N ol
» LC resonance as its nature can recycle O sty of; ot,ot; "
the energy back to the source. O Ot Gtz ot .
/ N,

« MOSFET turn-on at reduced voltages will
make less power losses.

« Efficiency is then improved.
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R UCC2891/2/3/4/7 achieves ZVS / VVS

Behind Your Designs

Two resonance present:
* Magnetizing inductance and clamp capacitor
» Magnetizing inductance and equivalent Cds

1 Qc
WL = e c L, ’
L 4:: } - _
1-D‘f" <1 — ,I X
) T ’ ——o
o — 1 Vin 01 f D D.f N
* JLy xCos _ 0
i
L, | Nx(Vq+Vg . 1 |
M Vo + Vo misc) cos( xt ) ——< >V, +Vg
CDS 2 X LM X fSW \/LM xCCL N
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Vds reversed, body diode clamped

Review of Active Clamp Reset Technique /

Behind Your Designs

+WIN

':CLAMP

il

H 4B

ACTIVE RESET

- Voltage Clamp
- Transformer reset

14
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R How to get ZVS?

Behind Your Designs

« Magnetizing current direction reversed before clamp FET turns
off

« Magnetic field energy (current) sufficient:
- lower the magnetizing inductance

* Primary side:
— a higher primary leakage or an external saturable inductor
(MagAmp)

 Secondary side:

— an external saturable inductor (MagAmp) to block magnetizing
current discharging from the secondary loop for a short time.

Technology for Innovators” Wi TEXAS INSTRUMENTS




R Switching Power Loss due to Cds Energy Discharged at Turn-on
with respect to the Vds

Behind Your Designs
Vds —
Comparison of Efficiency Drops /
The efficiency drops 0.00% - | | | |
When turn Onyat p -0.50% m 150 2@0 25013001 3501—400—450
_ ' -0.12% | 9-0.71%
different Vds from a -1.00% - 0.37%  ™N§-1.11%
300W converter at g -1.50% - SSe-157%
20% load level: S 2.00% | SSe.2.08%
c 0 N
2 -2.50% BT
. = £ -3.00% R
Turn on at Vds i -3.00% -323% |
350V, -2.64% -3.50% | N
-4.00% -3.87%
* Turn on at Vds = -4.50% -
1 50V _071 % MOSFET Vds (V) at turn-on
—&— Efficiency Drops
In lower voltage
applications, efficiency - Efficiency drop vs Vds variation.
improvement may not be
significant. fsw = 200kHz and Cds = 500pF @ Vds = 25V.
16

Technology for Innovators” Wi TEXAS INSTRUMENTS




R ZVS | VVS Observation Using UCC2984

Behind Your Designs

ZVS/VVS can be achieved by properly and adequately lowering the magnetizing
inductance Lm to improve the efficiency in off-line applications.

Vin = 390V, Vo = 12V, Lm = 0.65 mH

Z\V/S achieved at lo = 1.5A

Tek STEEH 50.0MS/s
I
|

109 Acgs
T

© Vin=390Vde

. Vo=12V

o s o O ey s e o e

M1.0004s C10

3.2V 6 Feb 2007

16:14:58

Tek S 50.0MS/s
E
E

VVS achieved at lo = 26A

Technology for Innovators®

6.2V 10 )an 2007
17:35:06
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R UCC2984 EVM Efficiency Test Results and Comparison

Behind Your Designs

Efficiency results from Efficiency Comparison
different design of
magnetizing inductance:

95%

90% /'//.—*‘L"\**\.
+ Lm =3.08mH, // puEEs
valley voltage about 350V . / ///' d
p= ——Lm=3.08mH
+ Lm = 0.65mH, 2 oo “etn =08k
valley voltage about 180V ¢

75%

* test conditions:

- fsw = 160kHz 70%
_ Vln - 390\/ 01 02 03 04 05 06 07 08 09 1
-Vo =12V Load Level

- Full load = 320W _
Load Level = 1 representing full load 320W
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R ZVS observations on ACFC (UCC2891/7 EVM)

Behind Yo Designs
Lm = 95 yH Lm =25 yH

Vin =42V, Vo = 3.3V, lo = 0A Vin =40V, Vo = 3.3V, lo = 0A

Tekstop | . p—F — . . . »- (=)

oo A 7.4V I T3
= - So@ 7.14V Fine Scale

R URIRUOIEE P r—
; ' ; ; i : ; ; : :
Vds "V'd$'=;70'V;"";""; ...... | div

s M- Vgs

‘Ch1° 200V "~ ~~M20.0ns'A Ch1 \ 26.0V
: 4.96V . . . .

L 51.00% Z

Probe Z40.0ns A Chl S 2.40V
Setup

10 X

g Fine Scale
Bandwidth| "4
Full - v
iv

Offset
0.000 ¥

Position
—2.08 div

Invert
off

Coupling
DC 7 Sep 2006

14:56:02
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Behind Your Designs

R ZVS observations on Active Clamp Forward Converter

Lm =95 uH

Vin =42V, Vo = 3.3V, lo = 15A

TekStop | . m— — .

WE 4.82V

‘Chl- 200V - M 20.0ns A Chl L 26.0 V"
[ 51.00%

s Measurement

1 Eeasurement
O stepsurement
1 Reasurement

TMemsuramant

Select

Measrmnt Remove Gating

Off

for Ch3 Measrmnt

H Isggt_uL[?W Reference | Indicators
AUTG Levels Off

Lm = 25 uH

- (-]

Indicators

i
4
3

4

Off

Technology for Innovators®

Vin =40V, Vo = 3.3V, lo = 10A

Za0.0ns A Chl F 350V
7 Sep 2006
15:05:43
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The
POR Issues from self-driven SR in ACFC

Behind Your Designs
» Power shutdown oscillation

* cause: self-driven SR feedback the capacitor stored energy to the primary
* solutions:

- soft stop to control secondary capacitor discharge — most effective way

- using control-driven SR

- rating the avalanche energy high enough (3G, or the voltage rating high enough
« Oscillation from fast load step down change

" cause:

- control lost after duty cycle reached zero from the load step down change

- self-driven SR feedback the capacitor stored energy to the primary

* solutions:

- slower loop response design;

- higher Dmax design
* Reversing current at light load and no load

* cause: self-driven SR catch FET conducting

* Solutions:

- Using control-driven SR

- Turning off SR 21
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Power Shutdown (Lineuv) Oscillation

Behind Your Designs

Measure Analyze Utilities

 (Observations

=1k H 1y “

n | ml It 4.E;5|j;5|:u:u:| s

BIAS
WINDING +VIN r
CBULK

___9
CCLAMPI

02|

- | SECONDARY
- SIDE E/A

[8] rsLoPE  FB |3
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R Mechanism of the Oscillation during Power Shutdown

Behind Your Designs

» Oscillation from secondary energy
feedback to the primary from self-driven  vin
SR during power shutdown

D LOAD

LineUV (power shutdown) —

T1 a(+) and c(+) — Q2 E,_}f
Q4 on and reverse Lo current — Tekstop | e rerererererererereree
T1 b(+) and d(+) — i me .

Q3 on (energy transfer to primary) — ’ . . +

Magnetizing current reduction — e fpimay

e Vs

T1 a(+) and c(+) — Loop...

1 Secondary

down. The secondary stored energy will be discharged in control WU U (U FUIC NUT. SRR . I SO
Chi 50.0V [ 100mv ™ 200Ms| A Ch1 & 91.0V

manner. The oscillation then will be eliminated, refer to the 2nd 3 Aug 2007
slide ii++[320.000s | 11:26:11

23
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Behind Your Designs

Te

R Power Shutdown (LineUV) Oscillation

Technology for Innovators” Wi TEXAS INSTRUMENTS

Chl 500V

[ 200ps| A Chi

i+~ [320.000ps |

i Prmary
w Vil

1 Secondary
i Vo

3 Aug 2007
11:26:11

Oscillation appears during power
shutdown without soft stop

Tek stop__| 2 = e ]

Chi 50.0V M 200ps| Al Ch1 7 91.0V]
i+~ [320.000ps |

1 Primary
o IS

LU0 Secondary
e Vo

3 Aug 2007

11:24:48

Oscillation does not appear during
power shutdown with soft stop

- using SS/SD pin and a

comparator

- feature to be added

24



Behind Your Designs

Load Transient Ringing

Load step down change (30A to 3A) at 72Vin, 3.3Vo:
High voltage swing across Q1 drain and source

Tek_S_tp_p: | iy

-

»- (=)
> : : T T

: i A Trigger
@: 146V - Slope

£

LOAD

I

Ml Ml ey b, M M e e b bl ' CeLAMP
4:,&&35!6!‘1‘3#0&':{!:\?:%”,_: je—

y
; : Q2 (H-
e o D2

e ot e WA i o o o ) i Vil

Wl 50.0V - Ch2 1.00
Ch3 5.00V ®Ch4 5.00

A&M10.0ps A Ch2 L 540mV-
TH12.20% ; ; :

el

SECONDARY
oy

SIDE EiA

Mode
AuUto
& Holdoff

Source | Coupling Slope Level
DC By 540my
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Load Transient Ringing

Behind Your Designs
* Mechanism «  With slower loop compensation or
- control lost after duty cycle reached reduced maximum duty cycle
zero from load step down change Vds swing peak reduced
- secondary self-driven SR oscillation gp .
«  Fast loop compensation, or - Vo load transient response becomes
« High maximum duty cycle setup slower
(L)oo O I R > (- o he
& v | Almee | A
ra chi
N ch2
ch3
__________________________________________ R
23 J.,,, AERHERY Ch4a
ichij :so.o\é---cﬁz- 1.60\: ’\;éwM40:.0p5'f:\ chzz 1 5:4omv-f- ©I 500V V AuM40.0us A Ch2 & 2.18V] _more—
-Ch3 5.00¥ ®Chd4 5.00V & . : g i ; -Ch3 5.00¥ ®Chd4 5.00V . : g i 1of 2
i rmsisos i sWv0S8SO0NS
: Mode ’ : Mode
S(():Li!lrzce Cou[?(lzmg SI(_)\_pe 5L4es»"$1lv . aglté)off S(():Li!lrzce Cou[g)(lzmgl Slt}pe | 2L.e1\:8eL . aglté)off
26
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R TPS28225 used for the control drive

1
[ 12 I 'LL-.L_"
y
™ — +3.3v Output
Fazan BaTae . il L =
B L s} ? E
||E_‘ R7 s L s . i 2.21 o
\]_l 1K B 18rF "5 ;
-1 — 17 JE
= jg —| BiwF L mieile coedlk .
i3 2 A%euF | Asaws
6V to TEV bnput 23| 521 VO
= o : i
RIE
o + -+ o]
I30F gl g 230w
A o | @& o4 v
. e ez o | B.58uF
22uF T 220 T 2.20F T
1eay | 14
iy 182 a8 2|y llig
R4 o2 RE
221 BATS4 1K
k) 1
BATSA I':-alr ‘
J
¥ LI PP @3_1 e
» 2.21 o SiTE450P TPS2REISD
Lu 1 Jl 1 paaTE preae =
W 4y = R R2s1 758 :1': BOTENP ;
7 o488 YYY . P v
iy F:,I 6 4| a LoATE S
L= 5 LY
r Y B S
DE TSuF & 5 | ©14 BATSA .
LR T edur .
L
%A gy .
C2a1 R3a
" el 013
I BATSS 0.53K
@ 1uf
R18 L
13 uz 495
2K SFHESBET
182K ™ W
iy UCCIAgTRW R3a .
[Er—w——— A
1 28 A1 158K L
Wik [ Fw R
2 '3 28.7K
. AT LUINEDY B RZZ RI%
AR g——yy SROEL  LINELY :3 Bbcﬁ-zll-' - 511
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’ = 1 ==CIE
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- e 13 1K
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R Gate Drive Signal Jitter - solutions

Behind Your Designs
. Jitter: 120 ns (VDD = 9.2V)

TekStOD | [ L il ]

T —— R N o e
TAD 9.62MHz A 20.0mY
1@ 607kHz @: 0.00V

- (=D

cursor
Function

Off

H Bars
V Bars
Bring
Salected
................................................... | CcursorTo
: : : : : + _ : : : -[Center Screen
ch1 500V"Bw'5"": ------ M 400ns A ch1 1 3.50v. Bring Both
: 200my & Cursors On
I l?4 60% screen
Function | Mode ﬁrﬁi‘; UHBI?;
V Bars Ind
1/5ec (Hz) Base

. Jitter 12 ns (VDD < 9.2V)

TekStOD |€l [i]
] - “A: 83.3MHz A: 600mV
| @: 1_08kH2_ @:  40my

- (=D

A Trigger

Slope

S

External Solution: set up VDD between 8.5V and 9.2V

Technology for Innovators” Wi TEXAS INSTRUMENTS

00 T T
D L I S
W 200V w : : M200nsACh1'\. 4.40 V-
. . Z I-WQ 25660].15 .
Mode
Type S?;lmce Cou[;::émg Slp\-pe 4LEIVUE{/ P
Edge : & Holdoff
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The
P.R Gate Signal Jitter (root cause) — fixed and tested

Behind Your Designs

Persistence = 13.2ns (rising edge)

M 200ns

Tek stop

™

e

G 5.00V &

Z/120.0ns A Chl1 \ 430V

2 May 2007
10:39:29

Persistence = 10.2ns (falling edge)

Tek stop

M 200ns

w

.......
1 T

e

G 5.00V &

W+ [1.63320us |

2k 82k

2 May 2007
10:36:17

29
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R New silicon (UCC2897)

Behind Your Designs

« Fix gate signal jitter

« Keep LineUV as before (latch off)

» Add soft stop feature
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Behind Your Designs

R VoIt x second clamp: external solution

Off-time and On-time

- inversely proportional to Ich1 and Ich2,

respectively

lchL=12-11
25V Vin-2.5V

Rorrs Rorr2

Vint — Ich1 | — toff 1

Ich2=13+14
_ 2.5V +( Rons XV

RONl RON3 + RON4

Vint — Ich2 1 —ton |

T =V ) x

RON.

VIN
R@F;‘¢ 11
RTOFF
=—=4,
Ichl
ROFF1 § ¢ b
v
RTON
2.5V

1

ON 2 RON

Technology for Innovators®
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R VoIt x second clamp: external solution

Behind Your Designs

Off-time and On-time VIN
- inversely proportional to Ich1 and Ich2, 1

respectivel
p y ROFF‘ 11

RTOFF

Ichl=12-11 =4,
_ 25V Vin-2.5V ROFF1 §¢ et
Rorr Rore» 1
RON
¥ -
Vint — Ich1 | — toff 1
1 RTCN

- b= 5 5y

Ich2 = 13+ 14 2
Ny

2V RoyxViy 1
RON1 RON3 + RON4 RONZ

ROMN

Vint — Ich2 1 —ton |
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Vref-pin Glitch 1V During Power Up

Behind Your Designs
ucC2ge91
RDEL viN
i Vref has a 1-Volt Spike when | 2| RTON LINEUV
VDD arises about 4V during start RTOFF VoD

= 4V

Vref + PGood SYNC - aux

\ ﬂ GND  PGHND
R1

Qpg

* When using Vref+PGood for
power good signal, this may
cause false Power-Good signal
without R2.

By adding R2, the 1-V spike 1 VoD = 13V
influence on the transistor can be |
eliminated. 4y
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Comparison between Active Clamp Forward and HB in
telecom applications

PR

Behind Your Designs
O $
T ] +
+VIM Vi Cin
o 0

Cl
i/ [ ]
Primary [~ A A
™ Drivers L (Tl &

77 I77

Low-side Active Clamp Forward

Converter Symmetrical HB Converter
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PR

Behind Your Designs

Comparison between Active Clamp Forward and HB in
telecom applications

Efficiency

- Symmetrical HB may not provide ZVS

- ACFC 2ZVS/VVS

- Critical with higher switching frequency and power density in 1/4 or 1/8 bricks

Switching frequency:
- HB doubled FET’s frequency seen at input and output — may help to reduce the caps but
the switching losses proportional to 0.5 x Vin hard switching

- ACFC: MOSFET freq seen at input/output. VV Switching losses — partially soft

Components and board space

- HB: (a) High side gate driver, (b) flux imbalance caps, (c) caps for center tap point, (d)
same size of high- and low side MOSFETs

- ACFC: (a) - (b) no, (c) clamp cap, (d) clamp FET smaller one, (e) x2 voltage rating
Cost

- HB: cost for (a) — (c)

- ACFC: cost for (c) - (e)

Secondary Sync Rectifier (control-driven SR)
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Behind Your Designs

Comparison between Active Clamp Forward and HB in
telecom applications

Current sensing:
- HB: current sensing transformer or floating sensing resistor (OpAmp may need)
- ACFC: CT or resistor — flexibility, cost and board space

Transformer:

- HB: two windings at secondary — PCB design complication, center-tap, more space
- ACFC: single winding at secondary

- Critical with higher switching frequency and power density in 1/4 or 1/8 bricks

Transient response:
- HB may be faster than ACFC (clamp cap)

Secondary Sync Rectifier
- HB: not able to make self-driven (extra winding may need)
- ACFC: self-driven ok (control-driven available with TPS28225 or similar)

Summary:
(a) Similar total cost with ACFC slightly lower
(b) ACFC slightly less component count

(c) ACFC higher efficiency and less board space — higher power density possible for the

same cost and board space
36
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PR

Behind Your Designs

THANK YOU!

Contact Info:

Hong Huang
+(603)-222-8533
hong_huang@ti.com
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