TIDA-00961 - TRM/CRM/BCM TTPL PFC

(Transition Mode/Critical Conduction Mode/Boundary Condition Mode Totem-Pole PFC)
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System Introduction
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Benefits of the LMG341x GaN power stage

—
T -
e
Maximum power Devices for every ) . ) e
density and efficiency power level Simplifies design System reliability

Fully integrated driver, FET and
protection in 50 mQ, 70 mQ
and expanding portfolio offer
a single-chip solution for
applications ranging from sub-
100 W to 10 kW

GaN power stage enables
double power density and

Comprehensive portfolio of
designs for AC-DC, isolated

Backed by 20 million device
reliability hours and features
80% lower losses than silicon
MOSFET with high-speed, MHz
switching frequency

DC-DC and inverter topologies
enables ease of design and
faster time to market

built-in intelligence for over-
temperature, over-current and
under voltage lockout protection

View the LMG3410R070 datasheet
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Maximized efficiency + power density for industrial
and telecom designs

>650
Grams

1 MHz
100 kHz Integrated
transformer

transformer X
design

design

1]

L 12,3 4=>5_6_7 8 _9_10_11.12.13_14_15_16-17_18_19_2021 The Highly Efficient, 1.6kW High Density GaN Based 1MHz
CrM Totem-pole PFC Converter Reference Design is a high
density (165 x 84 x 40 mm) design that achieves 98.7%

Compared with a 100kHz silicon design, the GaN efficiency at full load and 230-V AC input for many space

design is 6X smaller constrained applications such as server, telecom, and industrial
power supplies.
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Highly Efficient, Compact, 1.6 kW Bridgeless ZVS Transition Mode GaN

PFC Reference design for Server PSU /11 Dpesign: TIDA-00961

* TMS320F28004x controller based fully programmable solution
» Two phase interleaved operation

* Output Power: 1.6 KW, 4.1A @ 390V

« Efficiency: ~ 99% ; Power Factor : >0.99

» Switching frequency range from 200kHz to 1.2MHz

» Compact Form Factor (165 x 84 x 40 mm for the full board and 65 x
40 x 40 mm for the power stage)

* High Power Factor > 0.99 and low THD; Meets Current THD
Regulations as per IEC 61000-3-2

» Wide input voltage range: 85 — 265 VAC

Target Applications

* Telecom Redctifiers

+ Server & Industrial supplies - EVOBC

Tools & Resources

Board Image TIDA-00961 and Tools Folder

Design Guide

Design Files: Schematics, BOM, Gerber
Device Datasheets:

— LMG3410, TMS320F280049, UCC27712

ISO7740, 1SO7720, LMV612, OPA237,
UCC28740, TPS62153

TIDé&Signs

» Super High Efficiency makes thermal design simpler

+ Extremely compact solution with low component count
* Makes compliance with 80 Plus Titanium specs easier
» Addresses universal AC input requirements

+ Integrated GaN FET and driver eases layout constraints

» Provides a ready platform of GaN based transition mode totem
pole PFC to address various power supplies up to 2 kW
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Variable
Frequency
Operation

CCM Mode of operation

DCM Mode of operation TRM/CRM Mode of operation

EPWM | EPWM I
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Totem-Pole PFC (CRM or TRM)
T8 l 2 Ph IL TP PFC (CRM or TRM)
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Key Challenges & Solutions
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#1 Achieving ZVS across line-load and over full AC cycle

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

5
4 High/non:ZVS! loss
/s 1MHz
z s /
8
Totem-pole PFC S 2 /
1
Sz, Dy 100kHz
0
L - . < 100 120 140 160 180 200 220 240
Vin C—r1- RSV Input Voltage (Vac)
S, D4 ~~~~‘~~~_ --------- - —
4 Ele Ed!  Yetxd Hoetdoq Iwo  Digdey  Qusons  Mespwe  Hasks Hoh  Uilee Heb Be E& Yekcd HueMea g Digy  Cuscw  Mesjue  Naks Mah  Ulikes  Heb
res I Ran syn;:: r 01 8ep 1223:2225 1 — ek A hnr:a @Sep 12232116 -
Vi, | ‘ S
(200V/div) e N - e st "o
V | \ {‘.\
DS i u ’
(200V/div) | sl |
| Valley Switchin
L
(10A/div) ; '
'r-—~—, I‘-—-—x l?-——-w
Vas 1 s OO FGU S TR "N [ B S R - | 3 L
(ovidiv) L s o VTR Fo=2,19MHz MR FFZE1.31MHz
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ZVS Extension — Inductor Current Sensing

Traditional Totem-pole PFC “‘ ZVs TOtgi‘I‘;;:%or:e PFC C onve nti oha I S o I uti on
SNZ
] ouzs Sy 4 * Inductor current zero
- L+ . .
Vi - ¢ R3Ve Vi - ¢ R3Ve crossing sensing
S
Sq_{g] Dmis s"{g] -I#}
Silicon
Problem of CRM Quasi Square Waveform Mode (QSW) * LOW SN R
10
s 10 0 .
8 -— —
Vas s | Vs sns I Vgs, S2 «  Worse under high-line low
o 1 1 — : ’ load
180 P, 10
: i~ :
1L : ~ ~— 7 bW /\/
= : iwe C2000 Solution
300
Vos 20 ) Vosw) Vd S ’ S 1 .
v e o ; Sensing voltage across the
Valley Switching ~2ZVs inductor
* Bin Su, Junming Zhan?, and Zhengyu ITU' “Totem-Pole Boost Bridgeless PFC Rectifier With Simple Zero-Current Detection and Full-Range ZVS Operating at the .
Boun-dary of DCM/CCM ,.IEEE-TransactlorTs.on Poyver Electronics, Vol. 26, [\lo. 2, pp. 427 — 435, F.eb 2011 ° O n_Ch i p C M PSS and type_4
* 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 PWM featu res on CZOOO are
used to solve this
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ZVS with AC Input

- 4
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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
oy Vet Th T | W (1+ TL)_I — )
WTon) = GVl o ol JolC; e Vel \ ¥ 20Ces « Possibility of negative
, fyarz - J@Vin= Vo) Ve current/current spikes

(T = (‘{,—lm)T”+Vvl:,‘T,,,+2LC°,,(2leo Vi) t::\/m'[&l“@—atm[W)ﬂ p
2\ion) = r 0oO—VvVin .

(Vo = Via2LCoas = (Vs = Via)Ton, [ViT3n + 2Cons(2Vialy = V) * Body diode losses

ViV, -¥) 1 ,'To,, V2 =2V, 1, V=2,

VW) gy LT W, T

13
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#3 Clean cross-over transitions
« TRM/CRM PFC uses a small PFC inductance

» Current goes discontinuous

* As a result any voltage that builds-up across
silicon FET, discharges at a very high rate the
moment silicon FET and/or the GaN sync FET
are turned ON

* This can cause huge current spikes around
the zero crossing point

Solution
» Soft-start for active FETs
* Proper turn-on sequence

« These are implemented using a software state-
machine

W’"’so.oys 1.25GS/s

. - pree—aD Eppes—
87.5us —120mv
106us 40.0mv

A18.5us Al60mvV
Cursors Linked

H4.00ms 25.0MS/s )
Jil 46.70 % 1M points —18.0V J[20 Jul 2017

( value Mean Min Max std Dev ']_,14242:38

Low signal amplitude

S H 3 Aug 2017
il 34.93 % 1M points 73.0v Jl17:14:45 |

14
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#4 Correct PWM waveform generation with HRDB

1000 1000 1000
ePWM1 time 500 500
base

P _I_I_I L LI LMnn pwwiour [ [ m

1500 ,New PRD 1000 10 Phase

takes ef‘fec}
ePWM2 time

1000
500 jync \0
000000
S ePWM2 time
base
ewvzoor [ L_T LT LT LIL

base
PWMZ_OUTI I I I I I | I

ePWM1 time
base

INT INT
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 TBPHS2 updated but
TBPHS2 updated other registers could

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 PWMs)

One shot reload usaqge
Initialization

Latch
DeAEYTY Timeh l?ZSe I_.sm a . — Enable global reload
EEEEEEE @—» 0011 |
1

0000 Write “1” to
CNT_ZRO  ——| LDCTL2[OSHTLD] CLR
PRD_EQ —| 0001 5 One

A

Shot

TBCTL[SWFSYNC . .
o — oo [T 1 T —  Link GLDCTL2 registers
SYNCEVT  —— 0101 0 —>0 Global

- oa -
e znd R e ) ] 0110 caocycivenn o[ et Run Time
GLDCTL2[GFRCLD] - /1,14/ load i
clear CNT|___S'°Pe | GLDCTL[OSHTMODE] - Update all reg|SterS
3-bit s
coeneumoon | el = ) \clavlilg)ec}l_tzo OSHTLD
strobe
GLDCTL[GLDPRD] GLOCTLIGLD] [ ]

wventt —>W —  Write ‘1’ to
GLDCTL2[GFRCLD], if
desired

event2 —p

event3 —p
event4d —p»

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

W3 TExAS INSTRUMENTS



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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Processor Resource Utilization

« CPU Bandwidth

_ Execution time Description
Slow Control ISR 10 kHz,
20.8us voltage loop, phase
shedding "
Fast Control ISR 50 kHz oot PANMABR by :
12.4us current loop, AC cycle S Tow Control [SR' oot ]
state machine, - LF e II§R e
ast control I's
phase re-enable, PLL | — I el e Bl e Bl
PWM ISR 2.04US f§”w/3 @ 500A Oy @2 @ 500V " @ 500V W) H H
ZVS loop, phase shifting YR T P S R

 F280049 Peripheral Usage
— 4 PWM Modules, 2 CMPSS for OCP&ZVS, 4 ADC channels
 Memory Usage
— FLASH: 14KW, RAM: 7KW (for F280049,128 KW Flash, 50KW RAM in total)
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PowerSUITE - Interleaved TRM TP PFC

2-PH Interleaved TRM Totem Pole PFC using F28004x

zZvs compi s e .
zZvs comp2 - :
(//uz% l 33
Rptera ,

A CUR = —EF | TETaNT=s
fieed ! =®=|R ,
Ac - o -
= =]

customize

vcczr71a0 I i solution
—

Project Options

INCR_BUILD 1: Open Loop Input ac Control Running on  cosx

Phase Shedding enabled Non-linear loop | Auto run pisabled

Control Loop Design

Tuning Comp Number Comp Style

pioon = = i,
(" BesicRier R )
SFRA Current Loop Fr Loop Fr cy
Current Current L ISR runs at Fsw Voltage L ins at 10KHz
Power Stage Parameters
PWM : Min. Switching Freq (Fsw in kHz) 200 Max. Switching Freq (Fsw in kHz) 1000
Nominal Voltage : Output Vbus (V) [390.0
Min. Input VL-L(Vrms) [90.0 Max Input VL-L(Vrms) 245.0
Power : Rated (W) 1c00.0 Operating (W) 768.0
Inductor (Li): Inductance (uH) 0451
Output Cap (Co): Capacitance (uF) 12100 ESR (Ohm) o z65
< >
Voltage And Current Sensing Parameters
Refer to calculations.xlsx file located in the install package for more detials
Voltage Sense : Max Vbus (V) s36.85 Max Vin (+-V) 677.51
Current Sense : Max (+-Amp) |22.205 Trip Set (+-Amp) 15.0
Sense Filter: Rfltr (Ohm) 47.0 Cfitr (uF) 0.047
Cut-off Freq (kHz) 72.085 19
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Input Current THD & Power Factor (2 Phase Interleaved)

1.00

0.98 -

0.97

0.96 -
U095 -
0.94
0.93 -
0.92 -
0.91 -
0.90 -

P.F. Vs Pout

—_ —

0.99 -

/

i/

7

2nd Phase ON

Phase Shedding _ |
e

v

e \/in = 230V, 50Hz

==\/in = 120V, 60Hz

150 299 447 594 744 892 1053 1201 1347

Pout (W)

%THD

12 -

10 -

%THD Vs Pout

\ / —

AN

151 299 452 600 751 899 1046 1197 1347 1496 1646
Pout (W)

e==\/in = 230V, 50Hz
e \/in = 120V, 60Hz
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PFC Efficiency (2 Phase Interleaved)

%I Vs Pout

e \/in = 230V, 50Hz

e \/in = 120V, 60Hz

L]
i
1]

/

151

299 452

600 751 899 1046 1197 1347 1496 1646

Pout (W)
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ut Voltage,

T i i i i
Low line, Pout = 450W

@ 200V & 10.0ms 10.0MS/s
i§47.60 % 1M points

ﬁi
85.0V J' 7 Dec 20

value Mean Min Max Std Dev

11:56:54

O 21.3ms
O -18.7ms
A40.0ms

W

Low line, Pout = 1350W

@& 200V & 4.00ms 25.0MS/s
46.80 % 1M points

& 250V

[ 1
115V

Value Mean Min Max Std Dev
@ Mean 392V 392 392 392 0.00

7 Dec 2017
15:14:54

Current and Output Ripple

High line, Pout = 600W

@ 250V

@ 200V & ]{10.0ms 10.0MS/s @ 7
85.0V |7 7 Dec 2017

&) Vean

i§47.60 % 1M points
value Mean Min Max Std Dev 13:01:52

O 21.3ms
O -18.7ms
A40.0ms

High line, Pout = 1500W

@ 250V

) 46.80 % 1M points

@& Mean

® 200V & |4.00ms 25.0MS/s @ 5
115V J7 7 Dec 2017
15:20:52

value Mean Min Max Std Dev
392V 392 392 392 62.8m
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C2000 Product Roadmap

IP Technology Roadmap

@
®
S
@

F2837xS /N
200 MHz/400 MIPS
1 ASH

F28M3x
125+125 MHz/250 MIPS
15MB FLASH

MB

FL.
=N & (aa DN B9 1| KA 7 KO 64-bit Floating Point Unit
Improved floating point precision for higher performing

applications

Scogl\allgjx E%?Aﬁ3¥50 MIPS Q100 RTM: Available Now ggﬁiffgi;%l:a“géndagcec;ding of position sensors such as EnDAT,
516KB RAM 512KB FLASH Safety Collateral: FSM & BiSS, SinCos, Resolver, and more.
o U Detailed FMEDA Now Pin-to-Pin & SW Compatibility Fast Serial Interface

High data-rate serial communications interface with error
detection technology.

EtherCAT Connectivity
Real-time industrial ethernet communications support for
industrial systems

F2807x
120 MHz/240 MIPS
512KB FLASH CAN-FD Connectivity

1 N\ nzA Extending our existing CAN support to the latest “flexible
data rate” standard
F2806x
ggel\{(lgzl:/&%MIPs F28004 Processing Connectivity
X /AN CLA Real-time Co- -
o) % & 100 MHz/200 MIPS processor @ Ethernet Connectivity
256kB FLASH ° Trigonometric Math Unit Technology
N X ZA ... InstaSPIN Motor
n F2803x F2805x @ veu Technology
- 60 MHz/120 MIPS 60 MHz/120 MIPS Actuation
128KB FLASH 128KB FLASH
(§) o1 m (o ° @ High Resolution PWMs
=] Sensing
) F2802x @ 1e-vitanC
° gg&/lBHlel_ii{JsMIPS Programmable Gain
O @ Amplifiers
(&)
o

mn o @ Sigma Delta Filters A Safety Collateral

Production Sampling Development Concept
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LMG3410R070

Integrated 600-V GaN FET power stage in compact 8x8mm split-pad QFN package

e

*  70-mQ typical RDS gy,
» 20-ns typical propagation delay

* Integrated over-temperature, over-current
protection and UVLO

* High edge-rate tolerance

* Externally-adjustable drive strength for switching
» Performance and EMI control: supports 30 to 100 V/ns
» Targeted towards high-speed operation: up to 1-MHz steady-state
operation
»  Watts to Kilowatts solution for every application:
» Personal electronics
* Motor drives and robotics
* Telecom and network power

e Grid infrastructure

* Integrated direct gate driver with zero common source inductance
» Built-in 5V LDO to power external digital Isolator
* Integrated bias supply — only +12V unregulated supply needed

» High speed over current protection with <100ns response time

Direct- Drive

|
RDRV o= =

IN
VDD

| W Wpp—

VNEG

OCP, OTP, Current ,

5V uvo | )
______ —| )
FAULT r
{ }
S
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Summary

« TIDA-00961 is a fully programmable two phase interleaved TRM PFC solution
 Innovative ZVS scheme provides good ZVS performance across line and load

« C2000 controller features and Tl GaN devices allow a switching frequency range
from 200kHz to 1.2MHz

Compact design — about 80W/in3 power density

Phase shedding for performance improvements under low load operation

Released Tl design - http://www.ti.com/tool/TIDA-00961

E2echina: 2:F GaN 1&E250% 1.6kW CrM EEFPFCE £ %11 TIDA-00961 FAQ
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Thank you!
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IMPORTANT NOTICE AND DISCLAIMER

TI PROVIDES TECHNICAL AND RELIABILITY DATA (INCLUDING DATASHEETS), DESIGN RESOURCES (INCLUDING REFERENCE
DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND OTHER RESOURCES “AS IS”
AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS AND IMPLIED, INCLUDING WITHOUT LIMITATION ANY
IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR NON-INFRINGEMENT OF THIRD
PARTY INTELLECTUAL PROPERTY RIGHTS.

These resources are intended for skilled developers designing with T1 products. You are solely responsible for (1) selecting the appropriate
TI products for your application, (2) designing, validating and testing your application, and (3) ensuring your application meets applicable
standards, and any other safety, security, or other requirements. These resources are subject to change without notice. TI grants you
permission to use these resources only for development of an application that uses the Tl products described in the resource. Other
reproduction and display of these resources is prohibited. No license is granted to any other Tl intellectual property right or to any third
party intellectual property right. Tl disclaims responsibility for, and you will fully indemnify Tl and its representatives against, any claims,
damages, costs, losses, and liabilities arising out of your use of these resources.

TI's products are provided subject to TI's Terms of Sale (www.ti.com/legal/termsofsale.html) or other applicable terms available either on
ti.com or provided in conjunction with such Tl products. TI's provision of these resources does not expand or otherwise alter TI's applicable
warranties or warranty disclaimers for Tl products.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2018, Texas Instruments Incorporated


http://www.ti.com/legal/termsofsale.html
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