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transph<rm Agenda @Mlcnocmp

» Concept of PFC
» From Conventional PFC to Bridgeless Totem Pole PFC

» Digital Controlled Totem Pole Bridgeless PFC using Transphorm
GaN and Microchip MCU
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transph<rm What 1s Power Factor? A3\ MicRacHip

Vgrid A Verid lgrid A
lee I_load grid
AAA, . Igrid - }
" N
Load
90-265V 6;

Vgrid

AN
N\

grld \/—V Sln(wt) ﬁ /\ jis
where 1, = 90~265V, /
w = 2nf,, fo = 50~60Hz
lload = \/ZIS sin(wt — @)
P = VI cos p=Real Power
S = VI, Apparent power
The power factor: -

PF P ' M 1% it
= — = COS mea
S ¢
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transphorm | What are the real load and current? A3\ MicRacHip
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transphorm | Active PFC 1s necessary A3\ MicRacHip

1, Why do we need PFC?
To mitigate the impact of harmonics and reduce the power loss, power factor correction is needed.

2, What is the goal of PFC?
To improve the power factor and reduce the harmonics current, so as to improve the power quality.

3, What is the basic topology of PFC?
The boost type converter is the basic circuit of PFC, as it has voltage boost function, and inductor connected to the grid

is helping to improve the power quality.
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transphorm | The basic power factor circuit

Basic Requirement:

For high power factor converter:
1. Keep ¢=0, 1.e. cosd = 1;
2. Reduce THD1, THD1 < 5% ( Meet IEC6100-3-2, IEEE-519)

AC c [
90-265V

Vo

Power
Electronics
Circuits

X

A

Vo
Vd

> wt

Tvv \

Tvv(min)

» wt

/2 n 3n/2 2n

AC
90-265V

lin

1, The output is the DC voltage with small ripples.
The voltage transfer ratio:

% V.
Ty (wt) = > >

Vo
vin(t)  va(t) 2V |sin(wt)]
When wt = kn + /2, T),,(wt) is minimum;
When wt = km, Ty, (wt) = oo, need boost function
Converter to reduce the distortion at near zero-crossing:
Boost, Buck-boost, cuk, flyback, etc.
2, The input current i;, (t) is in phase with vg,;q(t):

iin(t) = A - Vslsin(wt)

3, Output voltage is controllable by adjusting the input current

magnitude.
Vd _

AY|
/1

la Vo
D1 D3
| Rf1
CS PFC
Circuit § RL

Rf2

(o] W

I Vo_ref

Basic Control Diagram

@ MICROCHIP
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io Vo

/2 T 3mn/2 21

» wt

Stage I: switch Q is on.
Inductor is charging

transphorm | Traditional Diode Bridge Boost PFC  Q\Microche

Stage II: switch Q is off.
Inductor 1is discharging
/\/\Vd AN >t Vo /\/\vd AN > Vo
) * DlT 3 " ! o ' . * DlT by 4 D'
90-265V<'9: I % —{E} = EE 90»A2((:55v(r\f’_,

A
A
>
4
A RS
L >
TDZ D4

1, The output is the DC voltage with small ripples. Boost function to reduce the
distortion at near zero-crossing.

/1

2, The input current i;, (t) is in phase with vy, (t): ijn () = A - V|sin(wt)|
3, Output voltage is controllable by adjusting the input current magnitude.

Duty cycle of a boost PFC converter: in one switching cycle, the average
voltage on inductor is zero:

DO = 1— ﬁl/sIS;n(wt)l

1



transphorm | Issues on Diode Bridge PFC: Low Efficiency A3\ MicrocHIP

Positive Half Cycle Negative Half Cycle
.V N —>} Vo VY e — > Vo
/\ i, D1 ld D \/ T by DI
AC iin .
90-265v65 . — —= § RL 90-A2C65V65 , - A1 § L
*04 A D2
- , Two rectified diodes are always connected in
Measured Efficiency for 400W conventional PFC .. ) )
@ 230Vin series in the circuit,
98.5 For a 230V/400W power supply as an
o example:
_ 400.69, 22 2+/2
%97.5 98.158 PCOTl D12 = Z_ISVf = —X1.77AX1V
5 i T T
97 = 3.19W
3.19W . .
96.5 200w X100% = 0.8% efficiency loss in the
0 100 200 300 400 500 . . .
Po(W) rectified diode bridge.
At low line condition, the loss will be doubled.
N7%(3206PS+10A rec) If the conduction loss is saved, the efficiency

)

8 could be 99% at high line.



transphorm | AC-DC PFC Converter

AY|
/1

\4

A8\ MicrocHIP
N > 2000 bl—— T
% 1 D2 D2 |!_< _{ Q1 S1
D1 A E } E } L1 L1
Y'Y Y\ Y'Y Y\
' Q1 C [ Q1 C Vacﬁ:a) EYLEY\ 7;(: Vac(’\:)
Vaccf\g _E} =~ Vac("\% _E} >~
o T ? _R# B _hi _BF —1%82 2 [}
) CRM Bridgeless Totem .
Topology Diode Bridge Boost PFC e II)SPI:Edge L Pole PFC Bl Bll')l(()llgee})e;(s: ROt
Single Leg Interleaved
Efficiency (high line) 08.2% 98.8% 99 % > 99% > 99%
Power level Mid Mid to High Low Mid High
Issue High Power Loss Low Surge Tolerance High EMI = Complex Ctrl
Components Count Mid Very High Low High
9

Low
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transphorm | Bridgeless PFC Topology 1

Vo
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i L AD1
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| G Ry <
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ﬁ Adding diodes on DC side

-y @J

CZN

- Positive Half Cycle
gn — Vpenp

Vac

[ 1

R

Positive Half Cycle ~

10

n VPGND

Vgn:7 (Qlon)
Ve

( D1,D4 conducting )

. §RL Vac:r[ “— |

4 \
Ao

\|
7|
NN

’EU

\L:I]_[R AN

4 Ql 4
gL
4—, -

> Negative Half Cycle

Ven = Vpenp (Q2 is on)

Ven = V, (D2 is conducting)

=3

I
A
1 G § Re
-A-D3 --D4
Negative Half Cycle i
Vgn==2 (Q2on)

2
Von = Vo (D2,D3 conducting )

@ MICROCHIP

At positive half cycle, Vgn is
constant and there is no
common mode noise;

At negative half cycle, Vgs is
switching between Vpgnp and
V, , common mode noise will be
seen.

When active switching Q is on,
Ven 1s Vo/2, when diodes are
conducting, Vgn is tie to GND
or Vo. The votlage change
reduces from Vo to Vo/2

)



transphorm | Bridgeless PFC Topology 11 A3\ MicRacHip

In Positive half cycle
Ql ison Ql is off

Add two diodes D3, D4 on AC side and one
more inductor.
Vo V, l j( i
1 A A

L1 b1 11 b1 L
4] . ESD g 2 il
% 4% 4%; A%_—Ll%: 4% A{ —'%; —'%

= V:gn:O = Vgn:O

AY|
VAl

> —4
N
AY/
/1

3
)

o

W\

>

No common mode noise issue. In Negative half cycle
Q2 is on Q2 is off

. Vo i
N
ry
1 % D1 D2 L1 o p2
Y
P
YY Y\ C, R
| Co Ry Vac L2 :::
R e = e 2 2

l Q1 ] Q2 Ll L al b
g AT J% e ERAT )
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transph<rm

g
L1 D2
Vac

Q1

4% Ao

PFC

VO

GaN HEMT

C, § R, w 10 AMdiv —

- " | Superjunction
| Reverse Recovery Performgfice J

AY|
VAl

ID 46.5 A (Continuou 50 A (for D=0.75)
Ron 41 mQ 40 mQ
Qg 22 nC 108 nC
Eoss(400V) 17 uJ 12.5 ul

Qrr /ns) 1.76 uC (0.1A/ns)

Table 1: Comparison of GaN HEMT with equivalent CoolIMOS IPB60R040CFD7

12

In Positive half cycle

Ql ison

)]

\|
i
MV

Ven = Vpenp
In Negative half cycle
Q2 is on

L1 A

<
a
\|
)
@]
NV
X

Bridgeless PFC Topology IV-Totem Pole

@ MICROCHIP

Ql is off

"
L1 A

Q2 is off

_| Q2
L1 Ao




transph-rm | Improvement-using synchronous MOSFETS (% microchie

VO

53
L1

5{"‘”\_ S2
Vac :CO § Ry

D1, D2 are replaced by MOSFETs S1 and S2,
The conduction loss 1s reduced.

V1 Diode=1V, Rds(on) MOSFET=20m£Q

AY

ConductionLoss on SR MOSFETs vs Diode
Vin=115V, Vo=390V

25 —e— Ploss(MOS)

2 Ploss(Diode)

Ploss(W)
(=
w

0 200 400 600 800 1000 1200

Vac

Totem Pole PFC
Vo

B a1 G Ru
d : ’—\

—||:—_TLE}

Q1 1s on: QI, S1 conducting
Q1 1s off: Q2, S1 conduction
No Diode V1 drop.

Conventional Diode Bridge PFC

"R Vo

AY |
/1
NV
=

Ql ison: DI, Q1, D4 conducting
Q1 1s off: D1, D4, D conducting

1



transphorm | Hardware design overview and Challenges A3\ Microchip

* 1. Input voltage sensing, AC polarity detection
e 2. Input current and DC bus voltage sensing

* 3. GaN HEMT and SR MOSFET power stage
* 4. Inrush thermistor at Start-up

* 5. DSP control card interface

1



transphorm | Design Challenge for Totem Pole PFC g\ Microcue

Control and driving circuit for traditional PFC

15

Control and driving circuit for Totem Pole PFC

4

"

\|
A
AAAY

Logic

Circuit

1



transph<rm

1. Input voltage sensing, AC polarity

detection 3\ MicrocHip

AC

1)

16



transph<rm

2. Input current and DC bus voltage

sensing

AC =
® . 0 L
S
N cM1 CM2 & ]
D2 |
L AAA )
L E ISNS_ADC
+ +1.5V

@ MICROCHIP

Vdc

—r
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transph<rm

3. GaN HEMT and SR MOSFET power
stage

4 4
Q 1
D
' Rcs L B RC

0 —

I I
= Rly .
' ]

L
AC
N CM1
PWM_Q1 ——
PWM_Q2 —
Rdt

Si8230

S1

PWM_S1 — | T
PWM_S2 — | — VVv
&-oVM_SR
Si8230 ‘TVCC
L
18 | {

.......

,,,,,,,,,,

i BRERERE
B

e e

vvvvvv

. pmspusnigg

uiige
LLLLLLL
oo g

@ MICROCHIP

Top Layer

Mid Layer 1

Mid Layer 2

Bottom Layer

1



4. Inrush thermistor and bypass Diode at

transph<rm A8\ MicrocHIP

Start-up
_L Q: S:
L 1T1 Rcs L
AC@ Z Z = 7% Kco R,
N cM1 _M:I\J/; 5 1 " f:_:_%_\__ :QZ Sz.
2 Y
t e

1, When AC grid voltage 1s connected, DC bus capacitor will be pre-charged through NTC and D1, D2;

2, Relay 1s closed to bypass the NTC, and DC bus voltage increases to peak of the grid voltage;
3, PFC controller start to work. Q1 and Q2 will operate in PWM mode at positive half cycle.

)



transphorm | 5. DSP control card interface

(@)

<

N
—

7T
]

AY|
VAl

Co #RL

Voltage T T Voltage
Divider Divider
ch|| 8| a| g|
l v S S == i
Vac»N IL E E E E Vdc
> PWM_Q1
+ PI D, i
Vae rer > 2. Controller C tPI I + = PWM. > PWM Q2
'T . _ ontroller Generation [ PWM_S1
.
v, | 1l ; T PWM_S2
‘ Vrms ch-softstart
Vdc
[IL]=I or Iy Zero-crossing
. T 1 Detection
Vac-N_> Polar|.ty I V. feed "
Detection |Vac| - . Tee
Vac rectification 2 forward
Vrms Calculation
Polarity
20

@ MICROCHIP
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transph<rm

Totem Pole PFC using Trasphorm GaN
FETs

@ MICROCHIP

4 kW Bridgeless Totem-Pole: TDTTP4000W066C

Transphorm SuperGaN™ and Microchip dsPIC33CK

Evaluation Kit

Operating frequency

Input voltage

Output voltage

Digital power PIM
GaN device

Gate resistor
Gate ferrite bead
Snubber circuit

Deadtime

Digital Controller:

dsPIC33CK

21

TDTTP4000WO066C-KIT
66 kHz

85V, to 265V,
387 V, %5V, (programmable)

dsPIC33CK256MP506
TP65H035G4WS
300
200 O @ 100MHz

Not required Available at:

Programmable
ud

Microchip

)



transph<rm

PCB Layout

8"(203.2mm)

Startup Circuit

6"(152.4mm)

Main Power Stage

Digital Controller and
conditioning circuit

Aux Power

@ MICROCHIP

22
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transph<rm

FETs

Totem Pole PFC using Trasphorm GaN

@ MICROCHIP

4 kW Totem-Pole Efficiency Sweep Results

Transphorm SuperGaN™ and Microchip dsPIC33CK

23

99.5 100
90
99
80
98.5 70
- 60 E
3 so0 9
B Jois 5
= 40
g g
- 97 30 )
= a
20
96.5
10
96 0
0 500 1000 1500 2000 2500 3000 3500 4000
Output Power (W)
—e— 120V-efficiency —a— 230V-efficiency —e— 90V-efficiency —— 260V-efficiency
«-@e- 120V-loss @ 230V-loss @ 90V-loss @ 260V-loss
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transph=rm | Vo ripples @ full load

CycRMS(C3) 13.97mY
Low sighal

amplitucle

RMSIC2)  18.1¥

Pk-PK(C1)* 12.8Y

Chz 100¢¥ Q Bw

Ch2

File  Edit  Vertical Horiz/dcq  Trig  Display  Cursors Measure  Masks Math  Utilites  Help File  Edit  Vertical Horiz/écq  Trig  Display  Cursors  Measure  Masks Math  Utlities  Help
Tek  Stopped 1711 Acgs 04 Apr 16 22:42:38 Tek  Stopped 2150 Acgs 04 Apr 16 22:27:09
DLOPREN e ] Aacqs o UdAprib22alias - ..FP...V.....W.. ....... prib 222ty -
Curs1 Pos Curs1 Pos
-4.5Y -8.2v
Curs2 Pos ) Curs2 Pos
; 5.3¥ ; g.0v
¥il:: -4 5Y 24 ¥i:: -g.2Y
V2. 5.3Y Y2 g.0v
i aY 9.8y aY 16.2Y
|RMSIC3) 16.2mY ; RMSIC3) 16.48mY

CycRMS(C3) 14.88mY
) i ) ; ) Low signal
amplitucle
EEPTTTTTTS SERTTE. At E ity SEr et Py s e RMS(C2)  17.73V

Pk-PK(C1)* 17.68Y

,,,,,,,,,,,,, - i

Ch1 00¢

Ch2 100¢Y Q Bw
Chz

Low line 115V, 2kW full load

CH1: lin_rms =18.1A
CH2: Vo_ripple =9.8V (2.5%)
Vo_ripple+noise = 12.8V

High line 230V, 4kW full load

CH1: lin_rms=17.7A
CH2: Vo_ripple =16.2V (4.2%)
Vo_ripple+noise = 17.6V

@ MICROCHIP

Co=2250uF;
T _holdup=15ms;
AV < 5%Vo = 19.3V

ico,, . = 10.434A (4kW)

4x 470uF, 2.82A Capacitors.

24
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transph=rm | Voltage on GaN device A3\ MicrocHp

| LeCroy J | LeCroy
J i 2
! i af } r |
=l oo — | i # 1 1
| Lo ¥ ; | | '
cal, - il I I cz U L [ ‘
| | ' 1
e c1 ' _J L j h—'""-‘J
b 1 - | | | ‘ |
3 3 T ! I
| : l
Fy ry
Measure Plmax(C1)  P2Zmax(C2) P3:--- P4:--- P&--- PG:--- P7:--- P8:--- Measure PlmaxiC1)  P2Z:max(C2) P3:--- P4:--- P&--- PG:--- P7:--- P8:---
value 437V 344V value 445V 356V
status v status v
imebase -2.20 g (Trigger imebase -2.02 pg| (Trigger
100 Vidiv 20.0 Vidiv 500 nsidivl Stop 79V 100 Vidiv 20.0 Vidiv 500 nsidiv] Stop 79V
-171.0'V ofst 1.00 offset 250kS 5.0GS/s|Edge  Positive -115.0 V ofst 0.00 offset 250kS 5.0GS/s|Edge  Negative
Kl= -2894ns AX= 4.3340ps Kl= -2894ns AX= 4.3340ps
K2= 4.0346 ps 1/&X= 230.73 kHz K2= 4.0346 ps 1/&X= 230.73 kHz

High Side switch to 34.4A Low Side switch to 35.6A

25 'i



transph-rm | Estimated Eftficiency with 200kHz £ MicrocHm
Switching

Efficiency at 66kHz and 200kHz

0.3 *'\'
F
—0
0.98
0.97

0.96

0.95

0.94

0.93
0 500 1000 1500 2000 2500 3000 3500 4000 4500

—@—eff 66kHz —@—eff 200kHz

1
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Add small loose inductor L6 to

tra nsph rm EMI Te St reduce the PFC inductor self- @ MICROCHIP

resonance noise peak.

90
dBuVv
80 T — Add 15 QQ Rg to slow down the
70 switching speed to reduce high
60 \\ | frequency noise.
50 A/\
0 @A\‘
0 VA%,
0/
—TTP4000WO066_L TTP4000WO066_N
10 —EN 55022B Quasi Pk ——EN 55022AQuasiPk |
0 | i
100000 1000000 10000000
Hz
Use high permeability nano Meet EN 55022 Class A
crystalline core to replace ferrite Test conditions: Vin= 115V, Vo=385V, Po= 1050W
CM choke for lower copper loss
and higher Lcm.

)
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transph<rm THD1 and Power Factor A3\ MicrocHp

16 N ™ a e — = = = —a—a -
" 0.99 FA"-
0.98
1 THDi_115V —e—THDi_230V 0.97 | /
0 0.96 | /
. 0.95
THDi (%) g PF |oo91 |
) 0.93 | PF_115V-=—PF_230V]
0.92
4 0.91 |
0.9
2 0.89 |
0 0.88 |
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000
Po (W) Po(W)

THDi_115V < 5%;
THDi_230V < 5% (@>25% Load)
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