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Totem-Pole PFC : Operation

+ve Vac
Y2 Cycle

+ve V,. 72 cycle :-
* GaN2 is active switch duty cycle D

* GaN1 is sync switch duty cycle 1-D
* Si MOSFET S2 is ON

Positive Vac half-cycle: Inductor
discharging (duty cycle =1- D on GaN1, S2
is on for the full positive Vac half-cycle)
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Totem-Pole PFC : Operation

Current
path

.......................

Cout | 4

L 22222 hd . e .
—¢>  midt . —_— . % Rload

-ve Vac :
1 = GND
/2 Cycle
Current path
M R R R
Negative Vac half-cycle: Inductor charging
(duty cycle = D on GaN1, S1 is on for the

full negative Vac half-cycle)

................
.

-ve V¢ 72 cycle :- - : o
* GaN1 is active switch duty cycle D 15 T D B
* GaN2 is sync switch duty cycle 1-D e 1O W IO L

* Si MOSFET S1is ON el Curentpatn . :

Negative Vac half-cycle: Inductor
discharging (duty cycle = 1-D on GaN2, S1
is on for the full negative Vac half-cycle)
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DSPIC33CK256MMP506 DIGTIAL POWER PIM

* Microchip dsPIC33CK256MP506
16-Bit Digital Signal Controller

e ICSP™ programming header

* On-board LDO with Power Good
(PG) function

* Micro USB connector

e MCP2221A USB to UART/I2C
serial converter

* Board edge connection
interface for analog
inputs/outputs, PWM outputs

and GPIO ports
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ADCO ISR every PWM Period (66kHz)

ﬁeasure Signals:

IAC = ADCBUFO
VAC = ADCBUF1
Vout = ADCBUF10
VNTC = ADCBUF17
V1,5V = ADCBUF15

~

IAC IAC IAC IAC
VAC VAC VAC VAC
Vout VNTC V1,5V Vout
> Period x Period x+1 Period x+2 Period x+3 f

Convert IAC and VAC to positive 0-2048

System Flags

ISR_ZC

ISR_AVG_Calc

ISR_Startup_After_ZC

Every 11t Period Voltage Controller

Check for Burst Mode

Current Controller with DFF

Check for DCM

—

Check for VAC drop

Startup System Flags
Startup ZC/Vaux VACPol
[ Startup VIN
I:l Startup VOUT D Burst Mode
[] Startup Wait 2sec Compensator Freeze
[] Startup Wait for Ramp [J Duty FF Off
S 2tartup g:mp Vaux OK
AR 1.5V 0K
(] Relay
Stop
Fault
ZC Flags: Fault Flags: SystemFlags:
_ZCRange inputUnderVoltage _VACPol
_ZCRange_last inputOverVoltage _VACPol_last
_SoftStart_zC outputUnderVoltage
_ZeroCross outputOverVoltage _Stop
_Fault
ZC Values: inputOverCurrent
_ZCTimeDiff _AuxOK
_ZCRangeTime auxUnderVoltage
auxOverVoltage _Relay
1 50K
zeroRefUnderVoltage _RelayWait
zeroRefOverVoltage
_BurstModeDetect
vacDrop _BurstMode
_CompFreeze
catastrophicFault _dffoff

Zero Cross
[] zC Range
[] zC Softstart

Startup Flags:

_StartupzC

_StartUpVinMeasure

Failure

Vin UV

(] Vin OV

Vout UV

O Voutov
Vaux UV
Vaux OV
Zero Ref UV
Zero Ref OV

[]linOC
(] vac Drop

[] Catastrophic

_StartUpVoutMeasure

_StartUpWaitRelay2s

_StartUpWaitForRamp

_StartUplRamp
_StartUpVRamp
_StartUpDone
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ADCO ISR every PWM Period (66kHz)

ﬁeasure Signals:

IAC = ADCBUFO
VAC = ADCBUF1

Vout = ADCBUF10
VNTC = ADCBUF17
V1,5V = ADCBUF15

\

IAC IAC IAC IAC
VAC VAC VAC VAC
Vout VNTC V1,5V Vout

> Period x Period x+1 Period x+2 Period x+3 f

Convert IAC and VAC to positive 0-2048

ISR_ZC

ISR=AVG=CaIc

ISR_Startup_After_ZC

Every 11th Period Voltage Controller

Check for Burst Mode

Current Controller with DFF

Check for DCM
—

Check for VAC drop

Average over 1 Period:
VAC Average

|IAC Average

Vout Average

1,5V Average

Check for VAC OV and VOUT OV,UV

Check for Relay Switch On
Reset _ZeroCross
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Control Strategy with additional FF

VAC IAC
- | ] — i
|
|
: I ¥ : : | Output
I VEeRr Ve | - lacrREF | : PI > Compare I
VpcREF | [ : | P PWM
| 7y ! X I ! Module Output
| | pist | | | Pl Stage ' 0
| age | | g I To FETS
| : Vcomp | |
[ | I |
Vbe Voltage Current
Error S I 1| Error
Compensator : | Compensator
|

' |

i 1NV avg? |

| |

|

: 7y | Voltage

: | Feed

| : Forward

: : Compensator

: Vavg = ZVa/N !

|

| A :

: |

_______________ |

VAC
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V,c Zero-xover Soft-start

Vac +ve Half-Cycle Vac -ve Half-Cycle
Zero-crossover Zero-crossover
X-over +Vy ) | : :
! > / , /
| [ | "
| | |
| [ X-over -Vy
Zero-crossover : - :
| |
! ‘ Soft Start - ' Soft Start
I (increase1-D) [
| | | : | (increase D) .
PFC Control Loop Operating IR PFC Control Loop Operating
| |
(GaN1 = sync switch) [ :
GaN1 ............................................... : : :
T T |
P

|
! Soft Start PFC Control Loop Operating

(increase D)  (GaN2 = active switch)
R[] i

H (GaN1 = active switch) _‘

H (increase1-D) (GaN2 = sync switch) —‘

S1 ON, (-ve Vac Yz cycle)

S1

|
|
|
S2 ON, (+ve Vac % cycle) |
|
|

S2

! —>
At V, zero-xover :

I All Switches All Switches
Off o Off

*  Potential for large current spikes, if timing is wrong.
* Therefore, switching is stopped approaching zero-xover.
*  Soft-start operation used on the other side of zero-xover.
e Duty cycle begins small and is increased over 10-20 cycles

*  Until Dg is the same as Dy, calculated from the PFC control loop @ MICROCHIP

e Then PFC control loop takes over (until the next zero-xover)



ADCO ISR every PWM Period (66kHz)

ﬂeasure Signals: \

IAC = ADCBUFO
VAC = ADCBUF1
Vout = ADCBUF10 _ZCRange
VNTC = ADCBUF17
V1,5V = ADCBUF15

_ZCRange

}

phl ph2

ph3 ph4
IAC IAC IAC IAC

VAC VAC VAC VAC

Vout VNTC V1,5V Vout
> Period x Period x+1 Period x+2 Period x+3 f
Convert IAC and VAC to positive 0-2048

ISR_ZC /

ISR_AVG_Calc

_VACPol=1 _VACPol=1

V1 5Avg

_VACPol=0

ISR_Startup_After ZC _Stop _Softstart_zC

Every 11t Period Voltage Controller

Check for Burst Mode

Current Controller with DFF

Check for DCM

—

Check for VAC drop
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ADCO ISR every PWM Period (66kHz)

Startup after ZC with DC = 0 to calculated DC
in max 20 Period. Startup in asynchronous mode.

11T LLLELLEE 1 |
e LR ‘

_____ I

TV VAN e Lan o e o i

_ISR_ZC
v

check _VACraw to set _VACPol

IBurstMode

PWMH/L OFF

I_VACPol

_AuxOK && !Fault && _relay

_VACPol &&
&& _VACraw > (_V1_5raw + xx)
_VACraw > (_V1_5raw-x) &&
_ZCRange

10

measure Signals: \

IAC = ADCBUFO
VAC = ADCBUF1
Vout = ADCBUF10
VNTC = ADCBUF17
L5V = ADCBUF15
IAC IAC IAC | IAC

VAC VAC VAC | VAC
Vout VNTC | V1,5V | Vout

> Period x  Period x+1 Pperiod x+2 Period x+3 {

Convert IAC and VAC to positive 0-2048

ISR_ZC

ISR_AVG_Calc

ISR_Startup_After_ZC

Every 11t Period Voltage Controller

Check for Burst Mode

Current Controller with DFF

Check for DCM
_

_VACraw < (_V1_5raw - xx)

_VACraw < (_V1_5raw +x)

Check for VAC drop
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ADCO ISR every PWM Period (66kHz)

ﬁeasure Signals: \

IAC = ADCBUFO
VAC = ADCBUF1
Vout = ADCBUF10
VNTC = ADCBUF17
V1,5V = ADCBUF15

IAC IAC IAC IAC
VAC VAC VAC VAC
Vout VNTC V1,5V Vout

'\- Period x Period x+1 Period x+2 Period x+3 f

Convert IAC and VAC to positive 0-2048

ISR_ZC

ISR_AVG_Calc

ISR_Startup_After_ZC

Every 11t Period Voltage Controller

Check for Burst Mode

Current Controller with DFF

Check for DCM
—
Check for VAC drop
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DCM/CCM Handling

* Change Gain between DCM and CCM. Multiply a factor to ACCB in DCM !!1l Change
current sample point in addition ??

Vout-Vi :
e D= O\L;;ut N standard Boost Function for the Input voltage feedforward

Vin > Vout (1-D) true in CCM

. with szPGGpDECR — VinxPGPER > Voutx(PGPER — PGDC)
PGDC
., _ Dxvout _ pgpggrVout
" Vout-Vin  Vout-Vin
+ kxPGPER = Z2CVout
Vout—Vin
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DCM/CCM Handling

"“ TELEDYNE LECROY
Everywhereyoulook™
4
O
Srefebetetrteetetefotet o . ’ ’ ’ ’
P """ ‘[I‘ """”“’ "”"" | e N
. PPV YNNI y ¥
i
Measure P1:mean(C2) P2:frea(C4) P3:dutv(C4) P4:apwr(V.1) P5:pf(V.h P6:mean(C3) P7:hmin(C3) P8:ranqe(C3)
value 517 mV 66.25020 kHz 92.235 %
status v & EY

[Tbase 676 ps|[Trigger (18]
5.00 A/diV] 2.00 V/div 5.00 Vidiv, 5.00 Vidiv 200 ps/div | Stop 1.08V
10.0000 A 2.10000 V -15.1000 V -9.8500 V 2 MS 1 GS/sjEdge Positive

ZC, negative halfwave to positive halfwave

. A\ MicrocHIP
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ADCO ISR every PWM Period (66kHz)

ﬁeasure Signals:

IAC = ADCBUFO
VAC = ADCBUF1
Vout = ADCBUF10
VNTC = ADCBUF17
V1,5V = ADCBUF15

\

IAC IAC IAC IAC
VAC VAC VAC VAC
Vout VNTC V1,5V Vout
> Period x Period x+1 Period x+2 Period x+3 f

Convert IAC and VAC to positive 0-2048

ISR_ZC

ISR_AVG_Calc

ISR_Startup_After_ZC

Every 11th Period Voltage Controller

Check for Burst Mode

Current Controller with DFF

Check for DCM

Check for VAC drop

—
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Burst Mode

A\ TELEDYNE LECROY

Everywhereyoulook
 prom,

Jﬁ\M

15

LARN
W OWS

A

1.00 V/div 100 V/div, 5.00 V/di 5.00 A/di
1.48000 V 1.500 V -14.7500 0.0 mA ofsij

base

20.0 m: gl
2MS 10 MS/s|Edge

".‘ TELEDYNE LECROY

Everywhereyoulook

12

Measure P1:dutv(C1) P2:freq(C2) P3:dutv(C3)
value 50.043 % 1M1 m%

status Y
1.00 V/di 50.0 V/div| 2.00 Vidiv 2.00 A/div}
1.39500 V| -100.000 V -5.95000 V 0.0 mA ofst|

P4:mean(C3)
11mv
v

P5:pf(V.h

P6:mean(C3)

P7:hmin(C3) P8:ranqe(C3)

figger
10.0 ms/div| Single
2MS 20 MS/s|Edge _Positive

@ MICROCHIP



16

Burst Mode

Burst Mode YES

NO

>

Startup_After_zC

handle the 4 phases aorund ZC pos<->neg

ISR_ZC

L

check DCMMode

_VPI<10
&&
|_BurstMode
&&
_StartUpDone

YES

7
_BurstModeDetect = 1

_BurstModeDetect
&&
_VACPol_last
&&
|_VACPol

YES

_BurstModeDetecty/
=1

All Switches Off
_VPI=10;
_CompFreeze=1

&&
_VACPol_last
&&
|_VACPol

YES

7
_BurstCounter++

_BurstCounter
>

BurstActiveCounter

_BurstMode =0
_BurstCounter =0

In ISR_ZC
_VACPol_last = _VACPol
then new check of _VACPol

_CompFreeze =0
_dffoff = 0;

_VOUTAvg
>
VOUTREFBurst3

_dffoff=1

_VOUTAvg

VOUTREFBurst2

>

_VOUTAvg

VOUTREFBurst1

>

BurstActiveCounter = 4 ‘

‘ BurstActiveCounter = 2 ‘ ‘ BurstActiveCounter = 1

Burst Mode test called in ISR avery switching period
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ADCO ISR every PWM Period (66kHz)

IAC = ADCBUFO
VAC = ADCBUF1
Vout = ADCBUF10
VNTC = ADCBUF17
V1,5V = ADCBUF15

IAC IAC IAC IAC
VAC VAC VAC VAC
Vout VNTC V1,5V Vout

> Period x Period x+1 Period x+2 Period x+3 f

Convert IAC and VAC to positive 0-2048

ISR_ZC

ISR_AVG_Calc

ISR_Startup_After_ZC

Every 11th Period Voltage Controller

Check for Burst Mode

Check for DCM
-
Check for VAC drop
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ADCO ISR every PWM Period (66kHz)

_ZCRange

V1 5Avg

| ZCRangeTime
<—

_ZCTimeDiff

A

vacDrop =1 if: _ZCTimeDiff < min period of 55Hz/65Hz
_ZCTimeDiff > max period of 45Hz/55Hz
_ZCRangeTime > 800us (53 * 66kHz period) ?? low voltage with slower ZC ramp ??

s A8\ MicrocHip
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Startup Structure

Aux power OK
&&
IFault

v

_StartupzC
ZC detected
>10 AC periods

_StartUpVinMeasure
Vac avg settled
Diff between 2 samples < 1/16

_StartUpVoutMeasure
Vout avg settled
Diff between 2 samples < 1/32

_StartUpWaitRelay2s
wait 2 sec

_StartUpWaitForRamp
wait 100ms after Relay On

_StartUpVRamp
ramp up Voutref

Startup Flags:
_StartupzC
_StartUpVinMeasure
_StartUpVoutMeasure

_StartUpWaitRelay2s
_StartUpWaitForRamp

_StartUplRamp
_StartUpVRamp
_StartUpDone
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Startup Low Line

* Electronic Load 1A

’P TELEDYNE LECROY
' ,Fvaryw Iereyot ylok“
I {h A

T i
.... M,HHHIIWIII.Lm.m | G [ I
) | L] 1) | i H

: WWW.W“"

cg ‘ ‘

Timebase 302§ [Tigger CALH
1.00 V/div 100 V/divj 5.00 V/div| 10.0 A/div| 1.00 s/div] Stop 331V
1.4800 V! -201.500 V| -14.7500 V. 0.0 mA ofst| 2MS 200 kS/sjEdge Positive
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Startup High Line

* Electronic Load 1A

bt

p
m

v
l
J

ol

I

[l 'T

l
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Startup during Ramp

"\‘ TELEDYNE LECROY
Everywhereyoulook™

2

5.00 V/div 100 V/div 5.00 V/div 5.00 A/div
-9.7500 V' -201.500 V -14.7500 V 0.0 mA ofst}
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EFF & PF test results (Low Line)

w2 121.07
™2 2.8298
7 0.3385s
it 318.471

=t 0.8775 .
" 331.49,

© 0 97.944,
v 0.9879
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EFF & PF test results (Low Line)

Urms2

| rms2

P2

Urms4

| rms4d

P4

13

Vi

120.15.
9.973.
1.1959.
377.97 .
3.1097 .
1.1790.
98.254 -
0.9980
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EFF & PF test results (Low Line)

w2 120.29 v
™ 17.168 .
» | 2.0609.
et 317.03 v
o 5.329.,
“ 1 2.0088.
97.470 »

13
ii

v 0.9983
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EFF & PF test results (High Line)

231.85.
1.5283 .
? | 0.3346.
37/8.46 .
0.8714.
“ 1 0.3293.
® 0 98.396
v 0.9443

&=
N

Fms

N

Fms

(=
I~

I~

Fms

Fms




EFF & PF test results (High Line)

e 23117,
w8797,
* 202854 |
= 377.20,

™t 5.329.
“ | 2.0100.
* 1 99.083:
v 0.9976




EFF & PF test results (High Line)

230.01.
17.780 .
4.0848.
375.54 .
10.728 .
4.0287
98.628 -
0.9988
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iTHD test results

THDi sweep (THDv < 3.8%)
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Thank you

@ MICROCHIP



