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Two-stage grid-interface PFC architecture ECCE:

Needed in a wide range of applications
e Data-center / Transportation / Industrial applications
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[Two-stage grid-interface PFC]
Design targets
e High efficiency / high power density
e High power quality

 Hold-up time requirement
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- PFC stage

=>» High power quality, V; regulation
- DC/DC stage

=> Isolation, V,, regulation




Dr. Jovanovic’s contribution to PFC applications IECEE:
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A wide range of contribution to power electronics field

v
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Single-phase
PFC

— Topology solutions

1. Soft-switching snubber circuit 1]
2. Coupled-inductor design (2]

3. Comprehensive overview of PFC circuits [3}14]

KAIST

Control techniques (Analog & Digital)

1. DCM/CCM boundary control [
2. DCM interleaving control [©]

3. PLL-based interleaving control ]

— Hold-up time extension technique I8 ,



Hold-up time requirement in PFC
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[Operations and waveforms of PFC during hold-up time]
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 The HUT requirement set the limit for efficiency & energy buffer capacitor size




Methods for extending the hold-up time QR

Larger energy buffer capacitor (C;)
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[Effects of large Cg]

* Larger C; = Lower power density
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Wider operation range for Dc-Dc
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[Effects of wide V]

 Wider range =» Lower peak efficiency



Dr. Jovanovic’s hold-up time contribution Q€ E:
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Hold-up Time Extension Circuit
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Hold-up Time Extension Circuit A
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[Dr. Jovanovic’s hold-up time compensation circuit (8]]
 Use a HUT extension circuit to reduce the dc-dc operation range
e Loss of D, in normal mode, large size of hold-up time extension circuit
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Reverse-feeding strategy for two-stage PFC QR
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Conventional strategy Reverse-feeding strategy

Energy Buffer (CB) Output ( Vo) Energy Buffer (CE) OQutput ( Vo)

: DC-DC Stage | | . DcDCStage | |

1 - [] ' [

~ : . )
----------------------------------------- PFC Stage

 Forward feeding e Two-way feedings

: C; =@ DC-DC Stage = V, - Forward: C, =» DC-DC Stage = V,

- Reverse: C; =» PFC Stage = V,
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Advantages of reverse-feeding strategy IECEE:
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Normal mode operation Hold-up time operation

AC Lost;
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1. Reusing the inactivated PFC stage =» Extended hold-up time
2. Easier DC/DC stage design like DCX transformer

=» Improved peak efficiency in normal mode
3. Wider operation range =2 Reduced buffer capacitor size
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Embodiments of reverse-feeding strategy IECEE:
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Applicable to a variety of PFC & DC/DC topologies

Load

| Boost converter Bridgeless boost converter | ! Various rectifier circuits i
i > Half-bridge => Full-bridge i | 2> single/double ended, voltage doubler !
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Design example of a reverse-feeding PFC
800W server power supply (100-240V,,,, 12V/66.7A)

Boost PFC Converter

Eoost PF
Converter |

— -%f rrll\'-\ W
o .' "/

EMI & Bridge §}
Stage

[8OOW server power supply product]
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PSFB Converter
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Operational circuits — Two operation modes ECCE:
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Normal operation During HUT
Boost PFC Converter PSFB (Almost Zero Phase-Shift) HB Forward Converter PSFB (Almost Zero Phase-Shift)
Qs kit | Q& Qs %
icg| t NpsFa
T HOTVe T 1
VAC,rec 5 ; - ’-M
M T Qs & Qpzlf % Qea &
............................................ L.O.--._.-----------------------.
1 1g
+
T LR
Qa&QF -
QSRdE} QSszE} >OFF

Qr>Control <7

A4
* Normal mode =» Q, & Q- OFF * Hold-up time =» Q, ON, Q; control

* Boost PFC + PSFB = V, regulation PSFB + HB forward =2 V, regulation
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Longer hold-up time & Higher efficiency ECCE:

C Longer  Narrow operation range design of PSFB

% 18" | — Conventional PSFB Hold-up time . ) ]

> 6 | — Proposed, a =2 | =>» Lower primary conduction loss

§3_ — Proposed, a =3 ] .

< 14- | — Proposed, a =4 - Wide Vs Range Design Narrow Vg Range Design

§ P Proposed, a =35 < ] | ! |?£"PSFB

S 10 oo Npsrp : i T li

k) Nfwa ! l

5 08¢ : 1 Vs : Input voltage of PSFB

>

S 06 ! - :

S ! =» Lower output inductor core loss

D 04" | i

> %4 T

-"‘--E 02" : |<T. . (0-5Der) AB < VOUT(O' 5— Deff)

= PSFB Operation 4—:—> PSFB+HBF Operation <« [+ B I [ —_—
% 01 02 03 04 05 06 07 08 08 10 Ve/Npses fVou-r IVB" NpsrB .IVou-r

Duty ratio (=Deg + Ds)
e Additional voltage gain of reverse feeding => Lower snubber loss

=>» Longer hold-up time i S
=>» Narrower operation range design of PSFB PA lVS""' IZVB’“F‘SFB P/v lVS"b- IZVBInPSFB
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Modified 800W server power supply prototype

Rectifier-Coupled Inductor

' PSFB Converter

Boost PFC
Converter
EE———— b |
Bulk Capacitor, |
(560uF)

[LRL _,E

Conventional Inductor  Rectifier-Coupled Boost Inductor
Na: 1.20, 72 turns Na: 1.1®, 72 turns
Ng: 0.05®x320, 8 turns
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EMI & Bridge Stage - -
25% Size Reduction

810uF
(42.411cm®)
 Same size of rectifier-coupled boost inductor
e Smaller size of buffer capacitor (25% size reduction) S

e Higher peak system efficiency in normal mode (95% -> 96%)  (31.809cm’)
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Control block diagram of prototype

--------- n
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: ref '|' : -
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1. Conventional method : Q; & Q; = Always boost PFC operation
2. Reverse-feeding strategy : Q; & Q; = Half-bridge forward operation (hold-up time)
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Measured waveforms in normal mode E‘]‘]E
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TekkRun

_ Large Cfrcuiatmg Current

_ SmaH Cfrcufatmg Current
| Vree (20Vld |v) |

| Visec (20V/d |v) |

T fmegewy] L (e
[Convent/onal PSFB converter] [PSFB converter Wlth reverse-feeding]
 Wide operation range design (320V-400V) e Narrow operation range design (380V-400V)
e High circulating current  Lower circulating current

e High inductor core loss, High voltage stress ¢ Lower core loss, Lower voltage stress
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System efficiency in normal mode ECCE:
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Low Line (115Vgys) Efficiency High Line (230Vgys) Efficiency

% . o7 2 96.50%
— 95 94.54% 94.80% — 96| 95.67%
X X
— g4 — g5 94.84%
> 1y 94.43%
03} 04 94.14% :
S 02%
k) 93.02% %
S %2 91.78% o 93
= 91.44% =
Y i h Y r92.29%
T g 92
T 9 T 9t
O 89.83% o .
5 gl — Reverse-Feeding [PFC + PSFB] S ,Yoo20y |~ Reverse-Feeding [PFC + PSFE]
L — Forward-Feeding [PFC + PSFB] 4 — Forward-Feeding [PFC + PSFB]
i T 3 89
= 87+ = 88
T ' 50 100 8710 2 50 100

0
* Load [%] Load [%]

o Peak efficiency : 94.8% @ 115V, (+0.59%), 96.5% @ 230V, (+0.63%)

ety KAIST 1
UNIVERSITY



Normal mode loss analysis IECCE:
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Loss Analysis - Boost PFC Converter Loss Analysis - PSFB Converter

5.0

M
wn

I Conventional Boost Inductor Conduction Loss
4.57 I Rectifier-Coupled Boost Inductor Conduction Loss

4.0F 3.91W

B Output Inductor Loss Cony
I RCD Snubber Loss 20.6W
B Transformer Loss

N
=]
T

Conventional Inductor

Prop.

L Na: 1.20, 72 turns
3.5 3.29W A B Primary Switch Loss
3.0- Rectifier-Coupled 15t .
. Boost Inductor Secondary Switch Loss

Na: 1.1®, 72 turns

2.5 Ng: 0.05®x320, 8 turns

Conv.
10.3W

2.0f

—
(=]
T

Conv. Prop.

Calculated Power Loss [W]
Calculated Power Loss [W]

1.5- 1 7.15W
0.98W
1.0¢ 0.82W - 5F
0.5 -
0.03W 0.04W 0.01W 0.01W 0
0 20 100 : 20 100 20 50 100
115Vims, Load [%] ' 230Viys, Load [%] Load [%]

* Similar boost PFC converter efficiency, Higher efficiency PSFB converter
e Reverse-feeding =2 Higher system efficiency in universal line
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Measured hold-up time E‘]‘]E
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|Va(100V/div)|

 [Ve@vidv) | L

C[Vo@Vidivy| o .

| [frwa (10ATdIV) ],

©

' [iea (BAIdIV)]

|:p (5A/dw)|_ R |T.'me 10ms/d.~v|

| Time: 1 0ms/d;v|

[Conventlonal PSFB converter, Npopp=23:1] [PSFB converter W/th reverse- feedmg, Npsrp=28:1]

e Conventional forward feeding: 400V-320V =» PSFB operation (36ms hold-up time)
e Reverse feeding : (1) 400V-380V =» PSFB, (2) 380V-250V =» HB Forward + PSFB
(47% longer hold-up time with the same buffer capacitor)
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Summary Q€ E:
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« Reverse-feeding strategy for two-stage grid- ~ Energy Buffer (Cg) Output (Vo)

------------------------------

L]

interface PFC applications } DC-DC Stage | I E
1. Inactivated PFC stage =» Reverse feeding
2. Easier DC/DC stage design (DCX transformer) —_—— ‘ E
3. Wider operation range during hold-up time PFC Stage _l|

e Applicable to a variety of PFC and DC/DC
t O p O I O g I es Rectifier-Coupled Inductor

e Design example : 800W server power supply

* 96.5% (+0.63%) peak efficiency at 230Vs T
Converter

e 25% size reduction of buffer capacitor

- ——
Bulk Capacitor, |

or 25% hold-up time extension e
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