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Detailed Agenda

 PFC Stage, PF, THD, Modes of Operation, Evolution of PFC Circuits

* 3Ph Interleaved CCM Totem Pole PFC Ref Design (TIDM-1007)
— Overview
— Software Structure
— Digital Control Design
— Experimental waveforms and test data
— Improvements in efficiency, Transient Response & Power Factor

» 2Ph Interleaved TRM Totem Pole PFC Ref Design (TIDA-0961)
— Overview
— Challenges and Solutions
— Software Structure
— Experimental waveforms and test data
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PFC Stage, Power Factor & THD
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« Power Factor is affected by Distortion factor(K ;) and Displacement factor (K)
— PF =M1 050 = kdk, where 6 is the phase angle between fundamentals of V;,

™rms

and i,

 THD is affected by Distortion factor

— THD = V{(lms/1 1ms)? = 1} lims.1 = lims implies Ky = 1. Then THD = 0.
 PFC circuit is controlled to achieve PF =1 and THD = 0 in AC to DC conversion
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PFC Modes of Operation — CCM, DCM & TRM
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Evolution of PFC Circuits

Interleaved Boost PFC TIDM-2PHILPEC
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» Challenges in Totem Pole Bridgeless PFC

50/60Hz

g :Eha:

-mEER

g:ile:

CCM Mode TIDM-1007
CRM Mode TIDA-00961

«  Control Design: Voltage and Current Loops
«  Zero crossing current spike/ distortion
* Meeting Spec : Power Factor, THD, Efficiency
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TIDM-1007

Interleaved CCM Totem Pole PFC
Reference Design

@ =

C2000 System Solutions: Digital Power

i3 TEXAS INSTRUMENTS



TIDM-1007 Interleaved CCM TP PEC TIDésigns

Features Benefits
* GaN based Totem Pole 1PH PFC with three interleaved  High power density design, with form factor matching
phases using LMG3410 & controlled using C2000 MCU OEM specifications

* Power Spec » TI-GaN with integrated gate drivers - greater integration.
* Input: 80-260 Vac , 50/60Hz * High performance C2000 controller enables superior and
* Output: 400V DC advanced control scheme to be implemented
» Power: 3.3KW at 220Vrms &1.6KW at 110Vrms * poweSUITE support enables easy adaptation of software
» Efficiency : > 98.67% peak efficiency

* Low total harmonic distortion (THDI) < 2% (at low line) > > 2. -

+ 100 kHz PWM switching - y -IEF —+E.§ -

» Soft starting for totem pole bridge N . 9 -

» Phase shedding to enable higher efficiency WL!

* Non Linear control loop to reduce voltage spikes -] -] -J[l_zi} -“Ei}

Applications e 1600

«  On -board chargers for EV A tnpe Fleer “Relay ConolCard

+ Telecom Rectifiers noo 5%
»  Other industrial applications " b

Bias Power
Supply

Tools & Resources

+ Key Tl Devices: TMS320F28075, LMG3410, ! N
UCC27714D, UCC28740, UCC24636 ot towreweno  nos

By Switches &
Gabl Bridges Diode Bridge
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CCM TP PFC Operation
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CCS Software Structure
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CCS Project Structure

powerSUITE generated file
specific to the solution and the device

[ “<solution>_settings.h” ‘ pfclph3ilttpl_settings.h

pfclphg3ilttpl.h

pfciph3ilttpl.c Solution specific file Device specific files

—

e : \ . ™
/_ [ <solution>.h ( <solution>_board.h ofc1ph3ilttpl_board.h
<solutions>.c , i .
<solution>_board.c / pfclphg3ilttpl_board.c

Incremental Build Levels to Simplify the Design of the System

INCR_BUILD 1 : Open Loop Check under DC input

INCR_BUILD 2 - DC : Closed Current Loop Check under DC input
INCR_BUILD 2- AC : Closed Current Loop under AC input
INCR_BUILD 3 : Closed Voltage and Current Loop under AC input
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Main Loop
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~
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Build Level 1- DC: Open Loop Check
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Build Level 2 - DC: Closed Current Loop
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Build Level 2 - AC: Closed Current Loop
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Build Level 3: Closed Voltage and Current Loop
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CCM TP PFC
Control Loop Design

Wip TEXAS INSTRUMENTS



CCM TP PFC Current Loop Model

Current Loop Model includes sync FET control and feedforward for
O Input AC voltage

O Output bus voltage
O Inductor Voltage drop

*
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CCM TP PFC Voltage Loop Model

O Small signal model of the DC Bus regulation loop is developed by linearizing the
following power equation _

: . & VNrms :
IDCVbus = nVNrmslNrms — IDC =1= ILi
bus
. , . R -
U For resistive load the bus voltage and current are relating as v, =ﬁ.DC
L™~o
L The plant model for the bus control can be written as below:
GV H p_bus = H load *77* I<i_gain * Kv_gain > I‘<v_ flt
Vag * Kv_gajn
[Ty _ e
1 Vbus_avg GiGp Vrms RL ﬁ’,,
Vims’ XKﬁ_mk K\:‘*gain P K [ 1+ GGp e Vs 1+35R.C,
MotchFilter [« Ky gain [* Ky fiw [
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Magnitude (dB)

Phase (Degrees)

Current & Voltage Loop Verification Using SFRA
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CCM TP PFC Current & Voltage Loops SFRA Plots

¥ SFRA GUI
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Tl Information — Selective Disclosure
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Startup Waveforms

Low Line - 120Vrms, 60Hz
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Steady State Waveforms 120Vrms, 60Hz _
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Vin
120.31
120.40
120.30
121.40
120.05
119.86
119.49
119.42
119.16
119.02
118.78
118.63
118.40
118.25
118.03
117.98

381.98
381.95
381.97
381.95
382.02
382.01
382.01
382.03
382.02
382.05
381.96
382.08
382.08
382.08
382.08
382.05

PF, THD & Efficiency

Efficiency

Pin  lout Pout %
27.97 0.876 18.01 68.15%
4738 0.095 36.22 80.72%
84.57 0.191 7292 88.68%
121.40 0.286 109.21 91.57%
154.27 0.375 143.47 92.98%
301.30 0.750 286.36  95.14%
44440 1.120 427.76  96.30%
579.10 1.469 561.40 96.94%
721.30 1.837 701.80 97.30%
863.00 2.202 84150 97.52%
1007.20 2.573 983.30 97.64%
1152.00 2.944 112530 97.69%
1298.40 3.319 1268.20 97.70%
1442.00 3.685 1408.30  97.69%
1593.80 4.071 1555.50  97.65%
1716.40 4.449 1674.80 97.61%

Low Line

iTHD%
52.20%
32.21%
19.50%
13.50%
10.54%
5.50%
4.16%
2.89%
2.42%
2.15%
1.92%
1.82%
1.72%
1.87%
1.80%
1.75%

%Rated

Load
1.1%
2.3%
4.6%
6.8%
9.0%

17.9%

26.7%

35.1%

43.9%

52.6%

61.5%

70.3%

79.3%

88.0%

97.2%

104.7%

PF
0.8336
0.8898
0.9786
0.9891
0.9927
0.9974
0.9987
0.9950
0.9995
0.9995
0.9995
0.9995
0.9994
0.9991
0.9991
0.9991

Vin  Vout
230.22 382.00
230.88 381.98
230.73 381.99
230.70 381.97
230.68 381.98
230.43 382.00
230.25 382.03
230.06 382.06
229.80 382.05
229.70 382.11
229.52 382.08
229.28 382.08
229.06 382.09
229.09 382.11
228.91 382.11
228.86 382.11
228.51 382.14
228.22 382.03

Pin lout
25.84 0.047
44,13 0.779
81.29 0.191
117.95 0.286
151.28 0.372
292.24 0.736
435.90 1.109
576.40 1.473
856.80 2.201

Pout
18.02
36.22
72.94

109.23

142.16

281.41

423.62

562.86

841.00

1140.10 2.935 1121.90
1418.80 3.659 1398.40
1699.20 4.386 1676.40
1977.70 5.106 1951.90
2261.50 5.840 2232.40
2548.30 6.580 2515.60
2840.60 7.332 2803.20
3132.80 8.083 3091.10
3439.10 8.873 3392.30

High Line
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Efficiency

% iTHD%  PF

69.61%
82.12%
89.73%
92.61%
94.03%
96.29%
97.18%
97.66%
98.15%
98.42%
98.57%
98.66%
98.71%
98.73%
98.73%
98.71%
98.69%
98.67%

62.00%
53.00%
33.08%
23.10%
18.20%
9.15%
6.12%
4.85%
4.16%
3.14%
2.42%
2.74%
2.46%
2.62%
2.50%
2.89%
2.80%
2.69%

%Rated
Load

0.6%
1.1%
2.3%
3.4%
4.4%
8.8%
13.2%
17.6%
26.3%
35.1%
43.7%
52.4%
61.0%
69.8%
78.6%
87.6%
96.6%
106.0%

0.5758
0.7784
0.9247
0.9599
0.9775
0.9936
0.9938
0.9972
0.9974
0.9989
0.9993
0.9995
0.9996
0.9995
0.9994
0.9990
0.9989
0.9988
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Improved Transient Response

» Non Linear Voltage Loop
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Fast Transient Response - Non Linear Voltage Loop

% Use parallel form of DCL Controller, enables to prevent integral term causing issues when changing
voltage loop gain abs(Vrer - Viap)<E2

Note the value is slewed to the new Kp
Kp gain to avoid any sudden changes
A

| | K2

B aay O O
' ol _Abs Voltage Error

E2 E1 " Abs(Vref-Vfdbk) ( y

abs(Vrer - Viaok)=E1L

Voltage Transient Waveform : Linear Voltage Loop (Left), Non Linear Voltage Loop (Right)
Overshoot Reduced from 51.2V to 16.8V
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Transient Response at 120/230Vrms

1 5004/ BN 3 1008/ 4 0 Os 1000/ Stap
Non Linear Voltage Loop DC Bus| Voltage

Vac 120Vrms

% -
#14.3V Under-shoot

Current

Step Load Change
0% to 50%

1

So0w/ 2 200v/ o 1009/

005 T00.0%7 Stop

T _GO0%7 U Z00v/ 5 10097 7 T0s T00 037 Ston
| ¥ | __ DQ Bus Voltage
b s W2 = 780 750mv —]

* 16.8V Over-shoot Vac 120Vrms

|
B

38.5V Undershoot

VWA e TR AR TAA A AR
O

VVac 230Vrms

DC Bus Voltage

e
. i . |
Step Load Change Current
1.1KW to 3.3KW !\ n ﬂ A ’ifl ﬂ
Hiy Jﬁllll
| ELRARALL,
‘{U
A ]
T GO0%/ 2 200w/ 5 10097 4 00s 100 0=/ Stop

1
Current
TWAVWVWWAAY
Step Load Change
50% to 0%
34;
1 500y/ 2 200v/ 3 1008/ 4 113.02 100.08/ Stop

T T i

15.7V Overshoot Vad 120Vrms

Step Load Change
100% to 50%

A Wi

&

Wf

]
11—
Tl InlShiaton = Seiccuve wiscivsuie

4 421.5V Overshoot

Step Load Change

to 1.

Vac 230Vrms

urrent

W3 TEXAS INSTRUMENTS

26



Improved Efficiency

» Adaptive Deadtime
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ZVS Operation - Adaptive Dead Time Control

« The optimal dead time calculation
— Waveforms are provided in different t;

. _ .
— The optimal dead time : t,, ,, =2-2ss’out

iL,peak

BAD

D50-X 3024A, MYS1136145: Mon Jun 26 12 31.082017
1 200%/ 2.00V/

Shoot through

Ly on= 90/ns

Optimal tg ,, Too long ty 5,
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Adaptive Dead Time Control Implementation

In PFC, the operating point changes in every line cycle (60 Hz or 50 Hz), the optimal t;
should be calculated in real time with respect to i peax

A.D.T from individual i__,e @and iy Show almost same efficiency

IL,Max

IL AvVG
I, INST

Senseing Absolute value _—
iLAVG - function Limitter
. N
ILAve licaval 74

Current sensor
(AVG)

Current sensors

(Individual) !

- IR 45&-1?
W\v\/ .
T 1

= =il =i}

AD.T - Update
—>|  Ccalculation Limitter —| ePWM DBRED
—_ 2C055V0ut T
ADT= =2 > DBRED=A.D.T
L,AVG|
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Adaptive Dead time Power Savings

Power savings data for using Adaptive Dead Time (20ns-200ns).
Power savings compared to fixed Dead Time of 100ns.

s Vin 230V , 50Hz,
\ 7

\ AN\

W_/Luedeeenduction Optimized
0

0.00 500.00 1000.00 1500.00 2000.00 2500.00 3000.00 3500.00 4000.00
Power (W) >

=
©

S
==
O

=
N

=

o
o

o
o

ower Savings (W)

p
© o
N A
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Improved Light Load Efficiency

» Phase Shedding Control
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Light Load Efficiency Improvement - Phase Shedding
* The concept of phase shedding
— Phase shedding technique is control the # of operating phases

— Itimproves the light load efficiency 'i:iA]
T Q4 Qs Qal Qs Qsc Interleaving State = S3 (3Ph)
Y o i B B/ B | ______________________IZAi Hysteresis
+ . o tboos(_c + 2N Band
el L §V°“' i) L §V°”‘ veed) L §V°“‘ Interleaving State = S2 (2Ph)
Vin Qi a - Vin Q1A Qi s - Vin Qi Q| Qic - e = = = = = HystereSlS
* - * Ton E * ! — - I ZA
&) 473 @ 413 £ @) 475 4 ﬁ} P Joa Hystere
! ! ! ! Interleaving State = S1(1Ph)
1Phase Operation 2 Phase Interleaving Operation 3 Phase Interleaving Operation
(For light load) (For mid load) (for heavy load) )

- State-machine for phase shedding control PTRN ln <o A

— The # of operating phase is determined by state machine VR SN
- 1,,<1;, 1-Ph has the highest efficiency @ @ @
I,<li,<l,, 2-Ph has the highest efficiency . N

l,>l,, 3-Ph has the highest efficiency
— Hysteresis Band is used for reliable transition

lin > 11+ A lin > I+ Ai
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Phase Shedding Control Implementation

« MCU (F28004x) Implementation
— The # of phases is determined by state-machine

— In state transition, PWM settings are changed near
zero crossing point ( PWM on/off, Phase shift )

S PWM configuration
@ Zero-Crossing

i

Why? \/

In zero-crossing points, current
goes down to zero and do not
introduce disturbance from PWM
configuration

Senseing
iL,AVG

State Machine —_

ILAvG

S1: |1< iL,AVG

S2: |1< iL,AVG< |2

S3: iL,AVG>|2

Phase ON/OFF

TBPHS Setting

Set GP104 = ePWM4 (ON)
Set GPIO5 = GPIO  (OFF)
Set GPIO6 = GPIO  (OFF)

Set GP104 = ePWM4 (ON)
Set GPIO5 = ePWM5 (ON)
Set GPIO6 = GPIO  (OFF)

ePWM4 TBPHS =0

Set GPIO4 = ePWM4 (ON)
Set GPIO5 = ePWMS5 (ON)
Set GPIO6 = ePWM6 (ON)

ePWM4 TBPHS =0
ePWM5 TBPHS = 180

ePWM4 TBPHS =0
ePWM5 TBPHS =120
ePWM5 TBPHS = 240
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Phase Adding

1 100%s 2 500w

3

20002 10.00%/ stop

150w,
single phase

el

DC Bus Voltage

Vac 110Vrms

AN N\ NSNS\

1350W, three phase

Tl Information — Selective Disclosure
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Phase Shedding

T 10097 2 &500%/ 3 T 100w/ 36, 402 20,0027 Stop
- Tt |
T DC Bus Voltage |
- — = e N e e — e — e ——— ]
___________________________________________ _‘_________________
1350W, three phase |
150MWV,
lac hase

]
T Inf

g

Vac 110Vrms

4
35
il
D)
B S S ™ S S

ormation — Selective Disclosure
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Phase shedding Test Result (120V, 60Hz)

100

95

90

n [%]

80

75

70

Efficiency

—— §

|
pm==PH-Shedding

85 -+

7

// | ——3Ph Interleaving
\
}
\
\

~/ 1Ph

N
v

L) ~
L 7

. 2Ph

11 23 46 90 178 357 445 531 707 795 882 97.2
% of Rated Load (1.6 kW) [%]

THD

=—3Ph Interleaving

N

== PH-Shedding

N —__

V

1.1 23 46 9.0 178 357 445 531 707 795 882 0972
% of Rated Load (1.6 kW) [%]

16.0

14.0

12.0 4

Difference [%]

4.0 4

2.0

0.0

1 Difference

10.0 -

8.0

6.0

11 23 46 90 178 357 445 531 707 795 882 97.2
% of Rated Load (1.6 kW) [%]

1.1

Power Factor

7~

== 3Ph Interleaving

ar PF

N
%)
3.

= PH-Shedding

11 23 46 90 178 357 445 531 707 795 882 97.2
% of Rated Load (1.6 kW) [%]
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Phase shedding Test Result (230V, 50Hz)

100

95

920

85

n [%]

80

75

70

Efficiency

Il

T
!

e

// } "—3Ph Interleaving
|

| =—PH-Shedding
!
|

2 Ph 3Ph

P N 2 S
< raiS re

N
7

1 Ph }

06 1 2 4 9 17 22 26 35 39 43 51 56 60 69 77 81 85 90 94 98
% of Rated Load (3.3 kW) [%]

Difference [%]

1 Difference

AN

)

A\fb

Q o 4
0¥ o¥ gt &
70?2 o? 0% 0% oM oM™ 6 o o o o

06 1 2 4 9 17 22 26 35 39 43 51 56 60 69 77 81 85 90 94 98
% of Rated Load (3.3 kW) [%]

80

70

60

50

40

THD

30

20

10

THD

[\ HD degradation

\

== 3Ph Interleaving

== PH-Shedding

—

06 1 2 4 9 17 22 26 35 39 43 51 56 60 69 77 81 85 90 94 98
% of Rated Load (3.3 kW) [%]

0.5

0.4

0.3

Power Factor

== PH-Shedding

//
I

06 1 2 4 9 17 22 26 35 39 43 51 56 60 69 77 81 85 90 94 98
% of Rated Load (3.3 kW) [%]
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Improved Light Load Power Factor (PF)

» Input Cap Compensation
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Light Load PF Improvement - Input Cap Compensation

O Input capacitor current draw causes significant PF loss at high line and light load

O Execution of SPLL enables Vector Cancellation based techniques to adjust the current

reference to compensate for PF loss
Q0 At 10% load the improvement is ~ 18% and at 2% load more than 40% improvement

1.2
. 15% Rated Load
Iinputﬁcap 2% Rated Load
1 e —
i ac K
Vac 0.8 —
37.7% Improvement
i ~h /Adjusted current reference ™
inputapadj e reduced PF Loss w 0.6 DEF Control —
| . al
ref _adj
0.4 DFF + DPLLVC —
lin ut_cap [ o —> 16% Improvement —#—DFF + DPLLVC + Tracking
/ Error Compensation
Power Factor Loss due
to Input Cap Current
V O
o * ac 358.84 503.92

28.255 46.49 64.642 137.52 211.13 284.8

|
ref Power >

Tl Information — Selective Disclosure

W3 TEXAS INSTRUMENTS
39



Other Improvements
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TP PFC Accurate Zero Cross Detection - SPLL with TMU

O Cost sensitive PFC application uses resistor divider network to sense the AC input voltage.

O Totem Pole PFC PWM driver requires accurate zero crossing detection. This can be
specially challenging with the low cost voltage sensing method.

0 Phase Locked Loop (PLL) Based AC angle is used to accurately detect the grid angle and
change modulation based on that.

0 TMU on C28x CPU reduces cycle counts to run the PLL algorithm and enables integration
on the current loop which can run at 100-200KHz.

C28x FPU C28x FPU + TMU
—— (T as% ]

SPLL_1PH_SOGI

Improvement

<
<
v

Measure Vgrid
V=VgySiN@G,) —mml signal

Ny

h;<
Yy v

- SPLL SOGI
Structure

Tl Information — Selective Disclosure
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Accurate PWM Generation for IL TP PFC - Type 4 PWM

O Interleaved topologies require PWM updates to happen in a give interval of time, otherwise
an in-accurate pulse can be applied to the power converter. The time interval reduced with

number of phases.

0 Totem Pole PFC Topology requires PWM to be started and stopped in a particular sequence
to reduce zero current spike. In addition to this the active switch is swapped from positive

half to negative half of the AC sine wave. / N\ /

Negative Half Positive Half r
Soft Start
r,
7
@ ML LI
e UL N N 0O

Q1 1

Qz —

O Type 4 PWM features such as shadowed dead band and shadowed action qualifier
enable accurate generation of PWM pulses in a straight forward manner.

Tl Information — Selective Disclosure
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TIDA-0961
Interleaved TRM/TCM/CRM/BCM Totem Pole PFC
Reference Design

=
i

C2000 System Solutions: Digital Power
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TIDA-0961 Interleaved TRM Totem Pole PFC

TIDésigns

* TMS320F280xx Controller based full digital control PFC + Super High Efficiency makes thermal design simpler
+ Wide input voltage range: 85 — 265 VAC + Extremely compact solution with low component count
* Output Power: 1.6 KW, 4.1A @ 390V « Makes compliance with 80 Plus Titanium specs easier
* Efficiency: 99% ; Power Factor : >0.99 - Integrated GaN FET and driver eases layout constraints
* 200 kHz ~1.2MHz PWM switching « High PF > 0.99 and less than 5% THD for 20% to full load
* Compact Form Factor (65 X :3”0 x 40 mm) « High performance C2000 controller enables superior control
+ Power density about 80W/in scheme and high PWM frequency operation
* poweSUITE support enables easy adaptation of software

[ 1

i e

LMG341 LMG341¢
G3410 G3410 ]
|
1 LM N ,
—

400VDC

AC -T-

ucca7714

Si FET

Lomer H || | (o

LMG3410 LMG3410

AMC1301 TLV316

RTN

[1s07710 | [1s07710 | [1s07710 | [ 1507710 |
A

2vs

vs

VBUS_sense

TMS320F280049

V_VVVY
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GaN at High Frequency — Soft Switching vs Hard Switching

V,,=200V, V=400V, P,=1.2kW, Fs=500kHz CCM Hard sw ., CRM Soft SW |
Boost Converter ' ; ' !

Vs Gs | |

Loss Breakdown @ 1.2kW
P 100.0%

CCM Hard sw CRM Soft SW
CRM Soft SW

99.0%
1~ —_
1.2MHz
98.0% 3
= 97.0%
/- - - —— 26.0%

TS cond. BS cond. Inductor TS turn-on TS turn-off 200 400 600 800 1000 1200 1400
Output power (W)

Efficiency

]
Q

-
(4]

(h

Hard

Power (W)
Efficiency

o

Soft switching significantly benefits GaN

* Source: CPES, Virginia Tech
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High Frequency TP PFC Challenges
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#1 Achieving ZVS across line-load and over full AC cycle

Vin_rms=230V, V=400V, Full Load, Fg=1-3MHz Line-cycle Averaged Non-ZVS

5
High hon:ZVS IosJ
/s 1MHz

?
32 /

Totem-pole PFC

1
Sy Dz 0 / 100kHz
L i 100 120 140 160 180 200 220 240
Vin C—/— R IR Input Voltage (Vac)
S Dy + ---------------------------------
14& ey e Maks Moh UKL Be ESt Yekd Huohea Dia Disy Luce  Mewwue Naks Msh  Ulites  Heb —
T«» Ren Sample 01 8oy 1223:2225 - Tak R (qn,:} @Sep 12232116 -
Vin =
(200V/div) |- - - - A (el - , :
V i | 1 |'} | \ b Afj[f,ﬁ, | {',.\ \ " s o
DS 5! TN \ | | e k SR
(200V/div) |+ O A ] S o
| ZVS Valley Switchin
L :
(10A/dIv) [N N N N ;
V (- : I..-...»-.. fr——, puomsnn - : 'n-—-— r.”‘ 'p.._.‘
(10v/div) Lo o s Fe=2.19MHz FE1.31MHz
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Z\V/S Extension

Traditional Totem-pole PFC ||- ZVS Totem-pole PFC
Silicon
sNZ
Sz_l DNZ#S Sz4 -l
b+ -h+
Viu - cT RE:V" Vin - cT R::Vo
514@ Dmés sq& SN1|$
Silicon
Problem of CRM Quasi Square Waveform Mode (QSW)
l: 10
Ves_sr |\.r)4ﬁ ' il il | | [ Vs SR(\J)ﬁ V 82
o 5 - 4
0 N Y A /g : g S '
lz? P 1 —
s y A 8
I () 3 \ I () g
ot - : et
2 )
400 \ k— 4’0'0
300
o0 L I Y 300
Vs v 133 Vosw) 200 Vd S y S 1
0 100 ~
Valley Switching ‘ZVS

* Bin Su, Junming Zhang, and Zhengyu Lu, “Totem-Pole Boost Bridgeless PFC Rectifier With Simple Zero-Current Detection and Full-Range ZVS Operating at the
Boundary of DCM/CCM”, IEEE Transactions on Power Electronics, Vol. 26, No. 2, pp. 427 — 435, Feb 2011

* Christoph Marxgut, Florian Krismer, Dominik Bortis, and Johann W. Kolar, “Ultraflat Interleaved Triangular Current Mode (TCM)

Single-Phase PFC Rectifier”, in IEEE Transactions on Power Electronics, Vol. 29, No. 2, pp. 873 — 882, Feb 2014 * Source: CPES, Virginia Tech

Conventional Solution

» Inductor current zero
crossing sensing

* Low SNR

« Worse under high-line low-
load

C2x Solution

« Sensing voltage across the
inductor

* On-chip CMPSS and type-4
PWM features on C2000 are
used to solve this
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Z\/S Detection

ZVS_COMP m»

Rfltr ZVS_detect

Cfltr

Single :

f‘vvv—
I

e L

=]

Phase @
AC N

-%E'}}m

;
§

[

LOW_FREQ_PWM

HIGH_FREQ_PWM

C
v

R\

C2000 MCU
e AH—@ 1A Si_GATE_H
CPU " sH—@m 1B siGATEL
32 bit A _—‘z—. 2A Hs_GATEL
—p| PWM-2
CLA B -:%: 2B LS GATEL
- AN
PTG || pwi-3 3A HS_GATE2
float B -—@—. 3B LS_GATE2
VacN
a ':: ADC1 AH—<@ 4A PWM_Debug
-3 )| PWM-4
—B] 12 bit B
lac_ref ID>—> ADC2 > - Relay_Ctrl
lac (4x) [D>—>] 12 bit
VacL D>—» —} Fan_Ctrl
HvBUs B> AD(‘TS > GPIO [P G_AC_I_Ctrl
12 bit €— GaN_Faultl
lac (OCP) -|-{ CMPSS3 = GaN_Fault2
-+4-{ CMPSS7
zvs_comp 4] cMPSS4 —GART—
4P| Program/
update/ Host
tune
=
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Z\/S Detection

CPU PWM
COMP_OUT
ZVS ZVS Lost
Extension Detect -
and Timing | Event/ Blanking
Adjust Flag
Blank_OUT

CMPSS

— ZVS_COMP
DAC|
Ref

3 control loops (Voltage, Current and

ZVS)

« Blanking may also be implemented as

part of CMPSS (comparator).

Waveforms

ZVSs

Vds lost ZVS

77777777777777777777777777777777777 ~_____ DACRef
ZVS_COMP /\’[ //\
COMP_OUT | "I |_|

Blank_OUT
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ZVS with AC Input

—

Negative

2.50GS7s & 4 Aug 2017
1M points 10.0 vV 15:49:40

«

J[400ns 2.50GS/s o 4 Aug 2017
i 41.60 % 1M points 10.0 v J15:50:28
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#2 Cycle Intensive Calculations

 Calculating correct turn-on and turn-off durations at every switching/control instant

Solution

« C2000’s TMU helps reduce the MIPS requirements considerably
Example: From possible > 10us calculation time to <0.5us calculation time

Ton Calculations Dead-time Calculations
(A= tate T Ton K- (1+ Tsn)_l . :
o) = e =Vl 2y y2lCoq  y2LCoq \Wo—Vil:\  2LCom » Possibility of negative
5 v e % VI Vo) Vo current/current spikes

S @e ~Vin)Ton + [VinTon + 2LCow(2Vinlo ~ Vo) t:=\/l_oTCoss~[3.l4159—atan[WH P
2\fon) = - 0—ViIn .

(Vo = Via2hCras = O = Via)Ton [VaTo0 + 2UlCors @Vl = V) » Body diode losses
V=¥ 1 2Ce . Gl V=2V,
TV 2hegf L N W, v Vin

Wip TEXAS INSTRUMENTS
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#3 Clean cross-over transitions

» High Freq TRM PFC uses small boost inductor
and therefore small voltage across the inductor
can cause fast current rise time.

« During AC voltage transitions, the stored charge
across the output capacitance of the Si FET (in
off state) discharges at a very high rate as soon
as the GaN active FET is turned ON causing
current spikes at zero crossing point

Lo
T

LOW_FREQ_PWM HIGH_FREQ_PWM

{
Open u_f#ﬂg.{ﬁ} Closed Iﬁ]t_nﬁe_'{%
Single * W o R Single W + R
pr— Ph pu—
gt =M | oq
[LILIL t
Ac!ive-{ Open ll'lﬂl_.{

Sync
l

Ry

Closed

o

HIGH_FREQ_PWM HIGH_FREQ_PWM
ot r(E} -1
i.;'@ N - =R,
TR e

LOW_FREQ_PWM HIGH_FREQ_PWM
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#3 Clean cross-over transitions - Solutions

« Soft-start for active FETs during zero voltage crossover providing a soft transition
» Proper sequence to turn-on silicon FET and the GaN sync FET must be followed
* These are implemented using a software state-machine

A\ | @
—(0)—w, T
i

Q2
Q4 S
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#4 Correct PWM waveform generation with HRDB

1000

1000 1000
ePWML1 time 500 500
base

PWM1_OUT I l I I I I I I IlIlIl PW'V'l_OUTl I I I IlIlI l

1500 NEW PRD 1000 10 Phase

takes effec}

1000
nc
ePWM2 time A ooiy X
base ePWM2 time
base
ewvzour [ ] LML I LI LIl
] |

ePWML1 time
base

NT NT PWM2_OUT I I I I I I | I
Control loop |_| |_|
trigger INT INT
Control loop |_| |_|
trigger
New PRD1 and PRD2 New PRD calculated
calculated here. PRD1 is updated \

but not PRD21H PRD2, CMP2 and TBP&Z updated but
TBPHS2 updated other registers could

not be updated on time!

What is missing?
— A clean and easy way to update multiple registers in a PWM module
— A clean and easy way to update registers in multiple PWM modules
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Solution: One Shot & Global Reload (Type-4 PWMSs)

One shot reload usage
e S e Initialization

PRD_EQ —{ 0001 Shoet

T e | 22 [foa |_, Leer — Enable global reload

DCAEVT1.sync’

ESWEA\;TS\}?\}QC — SYNCEVT 0011 trobe Set Q
[WN]DO _ 100 1 jﬂ . — Link GLDCTLZ2 registers
S\Q\llq%E\éT :D—> 0101 o o Global .
o smean T coshe Run Time
orbRD E : GLDCTL[GLDCNT] » 0 .
GLDCTL2[GFRCLD] . oal —_
/T«n/ T I N Update all registers
3-bit . PE
— _Cogr':lt_?r Tooal - erte 1 tO
GLDCTL[GLDMODE] inc oa
8 sllroge GLDCTLZ[OSHTLD]
GLDCTL[GLDPRD] erberteLn W t ‘1, t
— rite (0]
eventl —m~ .
" GLDCTL2[GFRCLD], if

event3 ——~

eventa ——= desired

LOADMODE

TRM PFC operating at high switching frequencies also requires hi-res dead-band (HRDB)
between the turn-off of the active FET and the turn-on of the sync FET
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Software Flowchart

C Environment

System Level Management

Initialization
28x Device level
Peripheral level

System level

SFRA Init

ISR, ADC

| |Background Loop| |
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System Block Diagram

> >
° ° m
AC J= m m M
® VAR M M M\ N\

ucca7714

M

400VDC

RTN

1507710 | | 1507710 | | 1507710 | | 1507710 |

Vs

A

Vs

IAC_sense

VAC_sense

V_VVY

TMS320F280049

***********
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Input Voltage, Current and Output Ripple

ol
Voutw

@ 50V

Low line, Pout = 450W
s B

200V &

[ 2 QOGR!

value Mean i Max std Dev 11:56:54
M

21.3ms
—18.7ms
A40.0ms

mw

Low line, Pout = 1350W

@ 250V

46.80 % 1M points

[ 2 QUG

® 200V & |(4.00ms 25.0M5/5 o s
115V |7 7 Dec 2017
15:14:54

value Mean Min Max Std Dev
392V 392 392 392 0.00

High line, Pout = 600W

@ 50V

200V & |[10.0ms 10.0M5/s @ 7
85.0V |7 7 Dec 2017

47.60 % 1M points
13:01:52

[ 2 QOGR!

value Mean Min Max Std Dev
-

High line, Pout = 1500W

& 0v

N 46.80 % 1M points

&P Mean

200V & |[4.00ms 25.0M5/5 & 7
115V |7 7 Dec 2017
15:20:52

Value Mean Min Max Std Dev
392v 392 392 392 62.8m




ZVS Across AC Cycle

EY Z 1.00us 50.0MS/S @ 7 Dec 2017
W 46.80 % 1M points 180 v J[15:47:33

Z 1.00us 25.0MSAs 7 Dec 2017

]
Zoom Factor: ZkX

vin

e F"'“""‘"““"
vew2 wﬂu
S00 V = B z 1.00us S0.0MS/S
T 46.80 % 1M _points

7 Dec 2017
180\/ 15 47:07

Low Line, Full Load, -ve Cycle

43 60 % 1M points V 15 52:42

200 v B Z 1.00us 25.0MS/s - - 7 Dec 2017
6§ 43.60 % 1M points 180 v Jl15:54:33

High Line, Full Load, -ve Cycle
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Phase Adding/Shedding

.....

|'- 5.00v @& s.00v ”100 10.0MS/s

Hm| |WH 100m 1.00M5/s 5 | 4 Dec 2017]
W43.13% 1M points  4.40 A & so00A0Q

12:01:37 i 35. ?3 1M points 5.30 A_,||,_14:28:46 ).
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Phase Shedding — Low Line & High Line

Low li

v

Pou 480W

Low Line

, Pout =

630W

PH1Vs
250 200 4 27 Oct 2017
50.47 1 oints 180 V Jl19:24:06
Sto o
3
r\m/

High Line
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Turn-on Characteristics

PreVu M 200ms

247.6ms 302V
—132.4ms 316 ¥
A400.0ms AT76.0V |

@ 500V 200 & ”z 40.0ms 500K5/s o - H
i 49.20 % 1M points 372V J|16:36:26

High Line Low Load (300W)

7 Dec 2017]

\ _E_I’E‘ Vu

M 400ms

Zoom Factor: 4 X

SN \/‘u‘“\/W‘uWﬁu"vW\ﬁ VMMM%WMMM

‘ 500 V

67.0ms
A76.0ms

200V & ”z 100ms 250k5/s H "7 Dec 2017)
Jim 49.20 % 1M points 372 v [16:20:58

High Line Full Load (1800W)
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Two Phase Interleaved PFC

1.00
0.99

0.98 -

0.97
0.96

L 0.95 -
0.94 3
0.93 -
0.92 -
0.91 -
0.90 -

P.F. Vs Pout

p— —
A Phase Shedding ‘ 2nd PhaseON
Phase Shedding _ |_ 2nd Phase ON _
e >
Vin = 230V, 50Hz
Vin = 120V, 60Hz
151 299 448 597 744 890 1044 1193 1341 1487 1635 1785

Pout (W)

%THD

16 -
14 7
12 7

10 -

%THD Vs Pout

e \/in = 230V, 50Hz
/\ e \/in = 120V, 60Hz
Af@@éhsidm&/,‘,_ — __\2ndPhaseON _ _ _ _
le- — _ Phase Shedding ___2ndPhaseON _ ___
151 299 448 597 744 890 1044 1193 1341 1487 1635 1785

Pout (W)
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Two Phase Interleaved PFC

%N

100

99 1
98 1

97

96 -
95 -
94 -
93 -
92 -
91 -

90

%0 Vs Pout

1« PhaseShedding |, _ _ _2nd PhaseON _ _ _
« | PhaseShedding " J__ __2ndPhaseON__ _
1/ e V/in = 230V, 50Hz

| e V/in = 120V, 60Hz

151 299 448 597 744 890 1044 1193 1341 1487 1635 1785
Pout (W)
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Thank You
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