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Agenda

Why a phase-shifted full bridge (PSFB)?
— Power trends and the need for soft-switching converters
— PSFB target applications

PSFB operation and design considerations

— How does a PSFB work, and how does it achieve soft switching?
— Types of output rectifiers for PSFB

— Voltage spikes on the output rectifier and clamping options

— Voltage-mode and peak current-mode control

— Synchronous rectifier (SR) modes of operation

— Light load management

PSFB design example

Summary
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Why a PSFB?
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Power trends

« Demands for smaller size, lighter and higher-
efficiency systems

» 80 Plus certification and Open Compute Project
(OCP) Modular Hardware System-Common
Redundant Power Supply (M-CRPS)
specifications drive high efficiency

Efficiency at | 10% 20% | 50% 100% | Note Power-use
load load | load load efficiency (PUE): 3

Total Datacenter Power
Actual IT Power

80 Plus 90%  94% 96%  91% At 230-V,cinput
Titanium g 08

M-CRPS 90%  94% 96%  92% At 240-V,cinput

(<2,500 W) E b {600 kriz, 0.35F
M-CRPS 90%  94% 96%  94% At 240-V,cinput |
(22’500 W) 100 ZOOFrequenca)fJ(OkHz) 400 500
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Motivation for soft switching

Lo
* Hard-switched turnon + Soft-switched turnon J} J} J‘} J}

— MOSFET current/voltage — MOSFET Vps discharged oJ: 1, J: ojt ,Jt
overlap at turnon before Vg5 applied Ips 1 {

— Trade-off of turnon speed — Turnon speed not critical for 1 i N3 ”  Ns [JLoad
(t,n losses) vs. switch-node high efficiency k g
transient voltages (dV/dt) — Allows higher Fg, | |
(EMI nOise) - - - -

— Ex: Hard-switched full- oJ J:l} oJ oJ:l}
bridge converter (HSFB)
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Topology comparison: PSFB vs. LLC S

PSFB converter
» Uses energy stored in Lg and L, for zero voltage
switching (ZVS)
+ Change phase angle for different V4 {/V,y gain
* Advantages
o Faster transient response
o Capable of wide voltage operating range
o Fixed frequency, easy SR control
+ Disadvantages
o Redctifier reverse recovery
o Lostof ZVS on primary leg(s) at light loads
o Higher rectifier voltage stress

VOUT |

outiL|
| :

LLC series resonant converter

* Uses energy stored in L,, for ZVS

+ Change F, for different V5 {/Vy gain

+ Advantages
o  Soft switching on output rectifier at F.,, < f,
o Higher efficiency when fg, = f,

* Disadvantages
o Larger secondary RMS currents
o SR control more challenging
o Limited operating range

Series resonant f
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Vour Clrclulatmg current

Topology comparison: PSFB vs. DAB

s
/N

[JLoad
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L, T

. R ! SR R R Q/r Fsw=1/Tsw
PSFB converter DAB converter
* Uses energy stored in Lg and L, for ZVS « Uses energy stored in Lg for ZVS
*  Vour/Viy 9ain: determined by phase angle *  Vgu/V\y gain: determined by phase angle
between the primary half bridges between transformer windings
» Lower output ripple current than a dual active « Large circulating current with single-phase shift
bridge (DAB) control
« Higher output rectifier stress « Applying multiple phase-shift control will lower

the circulating current
« Higher output ripple current than a PSFB
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PSFB target applications

* PSFB can be a good fit for applications with:
o Fast transient requirements

» 210 A/us in a server power-supply unit
(PSU) 12-V bus with a graphics

processing unit (GPU) load Elec_:tnc
ide i vehicle
o Wide input/output ranges
= High-power battery applications battery:
250 V to
CPU load: 450 V
four to eight
cores
optimized for
series tasks t
* Car battery:
GPU load: oOVito 16 V
1,000 cores
optimized for up to 300 A
parallel tasks
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Soft switching and operation
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How does a PSFB work?

1.

Phase shifts to control nonzero
voltage transformer pulse width

Buck operation on output stage
for regulation

Duty-cycle loss limits effective
duty cycle

Lo Vour
laass
Il T X x
JET v
Out1H Out2H LS
B 7\ IWV\_I
ip,,' rp. < = Ver [] Load
Vag Np 3 || C Ns e + —
+.Aé
. .
NI z
outiL"™[ Out2L"]

1.I .
-
. Out1L OuttH |
| |
" Out2H | Out2L B
| |
|  J—
| |
1y N —— s
1 Vsec |
I 1!
|
2 — —h
I T —
O:L i e ] Wi L 3 : I E’ """"""""""" : :"“_
1 VaB :
|
|

/

Inductor energy reset time 1
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How does a PSFB achieve soft switching?

- Allows freewheeling current 0 2Ll gus
— Lgand L, energy can be used for ZVS : Out2H | Out2L |
A1 I
Vsec

B I\
_ I
" - ——
Pri PG [] Load
SEC
AB 2l ¢ :
A
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How does a PSFB achieve soft switching?

 Allows freewheeling current 0

— Lgand L, energy can be used for ZVS

* Leg 1 ZVS: mainly relies on Lg

e 1 -

Out1H ¢
B

Pri
VAB

Out1L Out1H
Out2H | Out2L |
2 O
Vsec
BN NS [N Y U

SEC
[ +
o .
J N A: yaY yay
Out1L Qut2L E
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How does a PSFB achieve soft switching?

- Allows freewheeling current 0 2Ll gus
— Lgand L, energy can be used for ZVS : Out2H l| Out2L |
« Leg 1 ZVS: mainly relies on Lg | ]
— Easy to lose ZVS at light loads oi ________________________ -
« Leg 2 ZVS: counts on both Lg and L, e
— Easy to keep ZVS at light loads i ]

Lo Vour [
| aiia e I | e e e R sl

: | |
3 | | | L}
it e , | VaB
o 1
OuttH ¢ Out2HA [ ¢ :
B | - Naaaall I
el - 1
{ SEC

outiL' | Out2L
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Rectifier and clamp
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Output rectifiers for a PSFB

FB__ v Loi v
* There are three types of rectifiers: 5 &
o Full-bridge (FB) rectifier . ||§W (o
o Center-tapped (CT) rectifier E
o Current-doubler (CD) rectifier zlng _______ <
CcT
Vin N; |I'E}ls1 A, L v,
SRR
o 7 o 565 ____________
: L
FBand CT J— L2 {0 S j]
»1 I . Voo V| e i 2|E % ;*=‘ Load
CD """"""""" 15
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Output rectifiers for a PSFB

* There are three types of rectifiers:
o Full-bridge (FB) rectifier
o Center-tapped (CT) rectifier
o Current-doubler (CD) rectifier

FB and CT l— Va1 =

[] Load
zls 2|S v
jEliEhm Vo Lo i v
A Sl !
i% 2|S l:,:: Load
CD
ety @
X8 i Yo Tzt |
RS
1 A
Rl 16
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Output rectifiers for a PSFB

Better transformer utilization rate, good

- [0)
FB 2 X FSW,pR| 0-100% 1 4 1 Tor hlgh Vo
Lowest component count, lower
- 0, ]
G [ 20 Sgmpr [ OHOER | 2 | transformer utilization rate
CD 1 Fswer 050% 1 2 2 Better transformer. utilization rate, half

ILo

Vin =

Viy ==

Viy ==
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Voltage spikes on the output rectifier

» Transformer winding series

inductor resonant with rectifier C_,

» Voltage peak could be as high as

Ns
2ViN Np

Ly VDs,Leg4,LS |

— I

Ito |

.,J:}} 1 | :

l VaB |

B |
- - [] I T B e S —

Vin RIcec—1 " . | = | Wload | =——————————— g ————— ——
Vis Np 3 “ * Ns Vsec & L W

+.A_I

S 4 isr1 R2
JeEl eE Jidl AL |

Leg3,LS$ Leg4,LS

I3 5B

Ls
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Clamp rectifier voltage spikes: Passive

’ Lo

* Cgamp @s an ideal voltage source
_ (Vep = Vour)(Vep — Va)

cl —
CCIVCP(ZVd _ VCP)FSW oL\
« Clamp resistor dissipates
2 Smaller R
Pp . = (Ver — Vour) = LowerCVCP VCP\:- T b e
cl R = Larger Py, Vd/ '
rvl:rer\ Vour 0 VDSLeg3,LS
RBUER B R
i—P‘; ,' 4 5= i 1 V
Vi = e ’I PG — i | []Load e S {B——_—— | S R /-
Vas ALm: Np 3 ” ¢ Ns 1 VSEC+ LQEI_ ___|:: VSEC
+— TiSRv T’SRZ
H H H -
NI Juk3 It
> LEG3_LS¢LEG4 LS
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Clamp rectifier voltage spikes: Primary clamp

* Pros:

stress
« Cons:
— Additional diodes and discrete series
inductor needed for ZVS Lo

— Allows Lg energy recycling

— Allows well-coupled transformer
windings for lower rectifier voltage

’ Lo

VOUT

J:Jj}} E]E 3 J@J;

Lik
B N V,
v N° °N B VSEC
AB i LS P; E S| +
J + f—arrrr J»T fony [ TiSRz
H H
Jipt JeF = Jidd 3t
Leg3,LS¢ Leg4,LSq

"With primary clamp Without primary clamp

Ls=35pH, Ly =05pH Ls=0,L, =4 pHgg/

 VDs,Leg4,LS

VDs,Leg3,LS
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Clamp rectifier voltage spikes: Active clamp

* Turn on Q. after t, to allow rectifier i P Pt
._-"b
VOltage to Clamp to VCCL \Winding current not

rising monotonically

--1=F—

« Size C., capacitance for relatively

. Tl T
low ripple voltage: Vss(Qcl) i M
2 || |
Ng :
2T — X LS X CCL > TS : :
Np . VDS,Leg4,LS .
LO Vour 0 Ir : 1 | =
AN L L [
TL: L) 1 DeffTS I
S5 JE J5B IR —H Eilk g—
Ls - ~Ca! LL I VaB Il :
- T : ! i -
Vin - SET v 1 .| [Jroad 0 | “Il:_ __________ ilg ——————————— =N Rt
- Ne3 ” ¢Ns | ™+ i{"r‘ T —» | <@DcsgTs | Vsec
+2 $ises T’IﬁquQcU‘ : : | :
Stz g3 Judl JRE | DT tot t
Leg3,LS¢ Leg4,LS
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Clamp rectifier voltage spikes: Active clamp

) ...iLo

 Creates current distortion on ipg, S

and I SR \Winding current not
o Makes peak current-mode control difficult e i L

* Q¢ only needs to conduct for a Vss(Qcl) |
very short period to clamp | |
o Longer D,c T => larger i, and wider | |
nonmonotonic current duration | VDS,Leg4 LS :
Lo Vour 0 If : T =
YV 1 . |
T DerTs
e S < —+H By ar—
L [ H e LLH VaB I :
B 1 : 1 L1l —i
Vin = - \-M_I CP. Co = V. i - ‘: []Load 0 | _r:_ __________ l;;t ___________ m F
Ve NPI”INs 1 T :{*‘r‘ - — | <@DcspTs | Vsec
+ $ises Ti;quQCLi : : | :
idd iEd iEL jEL [ > €-Dac.Ts tot; t;
'_. 1 LegS,L; Leg4,L;
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Control
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PSFB control

Lo Vour
Yy
e T
OU?JI'_ ipn Ou‘zz_ll-ll_ LS
B ;"_n.rw"\.l
V(N s - © 3 Co = v [] Load
Vas Np3 || ¢ Ns I The o —]
ot
-~ —
Jikd gt il
OutilL Out2L
\ o
---------------------- — OUT1H
[~
Vour e L ouTiL
| Fsw ( T Driver/
FAM—] | deadtime
VRamP_REF logic, etc.
v :l>—vcomp =
- A . Q OUT2H
= 5 QN ouT2L

T
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Ramp J

Reset
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Modes of PSFB control

N
l/

Fsw ( 1"
VRamp_REF

V.
Ramp J comp
Reset

Voltage-mode control

* One high-side/low-side pair

Driver/
deadtime
logic, etc.

OUT1H

ouTiL

OUT2H
ouT2L

directly controlled by clock at
the switching frequency

« Second high-side/low-side pair
controlled by T flip-flop

Fsw | J1I Driver/
deadtime
Vin logic, etc.

Vi N
— J ‘comp Ql
Reset

Vbl_tage—mode control

with feedforward

OUT1H

OuUTIL

OUT2H
ouT2L

Voltage ramp reference is fed

from V or a voltage
proportional to V,

Immediate response to changes

in input voltage

Fsw ( U Driver/
deadtime
logic, etc.

Ics

: "
Veomp QN

OUT1H

OuUTIL

OUT2H
ouTaL

Peak current-mode control

 Current information from power
stage replaces ramp signal

« Current-sense (CS) resistor

plus amplifier or CS

transformer common methods

25
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Voltage mode vs. peak current mode
Voltage mode

V|N -

C

B

S

158

Ls

=

Lo

VOUT

x

4

(=
w
(-

» DC blocking capacitor, Cg, is required to
prevent transformer saturation

i

[] Load

 Blocking capacitor will increase PSU footprint

and voltage stress on SRs

Peak current mode

V|N -

el

Ls

ik

Lo

VOUT

x

o
Np3

>
>
’NS P

4

[] Load

AN, o 71
J:EJ:E 2|S 2|53.

0

v
CS transformer core automatically resets

1. ) ) )
« Contains no DC current information

5 * CS transformer reset more challenging
« Higher parasitic loop inductance

3 ° Resistor plus CS amplifier is common

Missing magnetizing current information
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Different modes of SRs in a PSFB

* Mode 0: diode conduction
(discontinuous conduction mode
[DCMY])

Lo Mode O
T ,__Out3L, Out3H, Out4L, Out4H all low
Out3 ?/ust;H 1 []Load
Jutr
Out3L § Out4L 27
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Different modes of SRs in a PSFB

* Mode 1: SR channel conduction
only during inductor charging
period

— Avoids reverse current conduction

|
I
I
I
|
I
|
I
|
I
I
I
|

i | Vsec i—
. - Mode 1 - —
- o, Out3L, Out4H | [ Out3H, OutdL
Out3 Out4H [] Load

e

[
Out3L § Out4L
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Different modes of SRs

 Mode 2: turn on all rectifiers/FETs
during freewheeling period

— Lower conduction losses at heavy
loads

] Load

p—

=

w

(o]

& S

6 21 _
3

Il
"

o |

e

[
Out3L § Out4L

In a PSFB

Mode 2
Out3L, Out4H| < | Out3H, Out4l| ,

N

All SRs are turned on
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Light-load management: Frequency reduction mode

Nl;g\ Vour
. s JE‘E 5 2
 The PSFB continuously outt T outat T
switches vl [— [ Load
NP: || :NS 1 Vsec 5 ke
P S— |
° i — -
Able to reduc_e effective th J:E A zlg
duty cycle while A
maintaining a minimum =
. Out2H || Out2L - Out2H Out2L
on-time -
Normal Switching Fregeuncy Reduction Mode -
» Gate-drive transformer i
OutlH || OutlL ee e OutlH OutlL
not recommended “ -
(saturation) I I [ e ] 1
|_I I_l [l VSGC I-l
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Light-load management: Hysteretic burst mode

Lo Vour
Yy,
*  When Vg, becom_es fvburst_threshold, & J@ Js JS
the PSFB stops switching o T v Ty
4 l = Load
*  When Vcomp becomes _>Vb_urst_threshold’ el | Np || EoNs . — )
the PSFB resumes switching . | S i
~ —
Frequency reduction mode Hysteretic burst JtE J,EE A
mode OutiL . Out2L
Transient Reduced control loop Fast 1 | |
response bandwidth when in FR mode ! L

V | |

CPU Large, need to compute Small, burst_threhshold | Veomp!
utilization required Fg, enable/disable I I >

dpullst'e-WI(dFECVM) out2H || outaL out2H || outaL
modulation
based on i
Comparator OutlH || OutllL || OutlH || OutilL |

Output Small Larger compared to ! vV >
ripple FR mode -l |_| ﬂ “ : !-l “ ﬂ “ = >
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PSFB design example
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PSFB design example: PMP22951

* Input voltage: 390 V., 340 V

nom? min

» Output: 54-V/3-kW max, targeting OCP M-CRPS specification

o — TS i g 4 d J} J}
» h s ;| s T
—_— ﬁ‘% 4
= | 390Vin == il
>
,,,,, - J"

- 2 ,J; ) v . ", [
54-V, 3-kW Phase-Shifted Full Bridge

with Active Clamp Reference Design
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3-kW steady-state waveforms

» 140-kHz operation

80 -y

“‘~+~—Mﬁ~¢—f-* hwm

I

VO Ut

%l N il IO e B i

LEG1,g Driving signal
MY M

e IPRI e e

| M e e

R Y Y O Y
L) L] L | Ll L Ll
Timesase 00 ys] Trover — COES

500 psidiv Stop 290V
100 kS 2GSs Edge  Positive

I resedmanas
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M-CRPS load transient, 50% load step (3 Ato 31 A)

!‘“ TEIEEDYNE LECROY

= Everywhereyouook™|— - — — — T-

Load

18

VsurfAC-coupled)

l& fJ l\ | 1\
3] — pompel —_— i —_—
. 2.00 V/div 500 psidiv Stop  10.2A
60.0Aofisetl  4.00V offset 1MS  200MS/s Edge Positive
o 856A -— 144V

1086A - 864mV
23.0 A by 230V
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M-CRPS load transient, 50% load step (3 Ato 31 A)

L

-

T TR

-

PSS EEEREERY

————t——
e siv. v o3

i

UL

o L b e
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Summary

A PSFB is a good candidate for applications that require a wide input/output
voltage range and fast load transient response

Characteristics among a PSFB and other isolated topologies

PSFB operation principles

Discussed different types of rectifiers, rectifier clamping options, modes of control

Showcased a PSFB reference design meeting M-CRPS specifications with active
clamping

Calls to action in the following slides

37
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Calls to action: Power trends and specifications

Power trends:

— Yin, Richard. “Power Tips #109: Five major trends in power supply design for servers.”
EDN Power Tips series, August 2022. https://www.edn.com/five-major-trends-in-
power-supply-design-for-servers/

80 Plus standard:
— https://www.clearesult.com/80plus/program-details#program-details-table

OCP M-CRPS specification:
— https://www.opencompute.org/wiki/Server/\Working

OCP Open Rack v3 specification:
— https://www.opencompute.org/wiki/Open Rack/SpecsAndDesigns

38
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https://www.opencompute.org/wiki/Open_Rack/SpecsAndDesigns

Calls to action: Topology comparisons

e Resonant converter vs. DAB:

— Yu, Sheng-Yang, et al. “Designing a high-power bidirectional AC/DC power supply
using SiC FETs.” Texas Instruments Power Supply Design Seminar SEM2400,
literature No. SLUP399, 2020. https://www.ti.com/seclit/ml/slup399/slup399.pdf

« Resonant converter vs. PSFB:

— Gillmor, Colin. “Comparison of PSFB and FB-LLC for high power DC/DC conversion” in
Texas Instruments video library.

. Part 1. https://www.ti.com/video/5979520091001
Part 2: https://www.ti.com/video/5980232599001
Part 3: https://www.ti.com/video/5980257698001
Part 4. https://www.ti.com/video/5980260615001
Part 5: https://www.ti.com/video/5980344049001
Part 6: https://www.ti.com/video/5980375024001

39
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Calls to action: PSFB operation and rectifiers

« PSFB operation and how to achieve PSFB soft switching:
— Sabate, J.A., et al. “Design considerations for high-voltage high-power full-bridge zero-
voltage-switched PWM converter.” In Proc. APEC, 1990, pp. 275-284.
 PSFB output rectifiers:

— Balogh, Laszlo. “The current-doubler rectifier: an alternative rectification technique for
push-pull and bridge converters.” Texas Instruments application note, literature No.
SLUA121. https://www.ti.com/lit/an/slual?1/slual21.pdf

40
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Calls to action: PSFB clamping options

» Passive clamp:

— Lin, Song-Yi, et al. “Analysis and design for RCD clamped snubber used in output
rectifier of phase-shift full-bridge ZVS converters.” In IEEE Transactions on Industrial
Electronics 45, no. 2 (April 1998), pp. 358-359.

* Primary clamp:
— Redl, Richard. “Optimum ZVS Full-Bridge DC/DC Converter with PWM Phase-Shift

Control: Analysis, Design Considerations, and Experimental Results.” In Proc. APEC,
1994, pp. 159-165, vol. 1.

« Active clamp:

— Yu, Sheng-Yang, et al. “Achieving high converter efficiency with an active clamp in a
PSFB converter.” Texas Instruments Analog Design Journal, literature No. SLYT835,
Q1 2023. https://www.ti.com/lit/an/slyt835/slyt835.pdf
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Calls to action: PSFB control and design examples

« PSFB control:

— Wang, Shi-song, et al. “Small-Signal Modeling of Phase-Shift Full-Bridge Converter with
Peak Current Mode Control.” 2020 IEEE ASEMD, Tianjin, China, 2020, pp. 1-2.

— Ahmed, M.R., et al. “Enhanced Models for Current-Mode Controllers of the Phase-Shifted
Full Bridge Converter with Current Doubler Rectifier.” In IEEE ECCE Asia 2019, pp. 3271-
3278.

— Vlatkovic V., et al. “Small-signal analysis of the phase-shifted PWM converter.” Published in
IEEE Transactions on Power Electronics 7, issue 1 (January 1992): pp. 128-135.

— Basso, Christophe. “Transfer Functions of Switching Converters.” Faraday Press, 2021.

» Design examples:

— 3-kW (400 V to 12 V) Phase-Shifted Full Bridge with Active Clamp Reference Design:
https://www.ti.com/tool/PMP23126

— 3-kW (400 V to 54 V) Phase-Shifted Full Bridge with Active Clamp Reference Design:
https://www.ti.com/tool/PMP22951
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