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DCDC DESIGNS



Qutline

Tl GaN: Engineered for high-frequency operation

Applications driving for higher efficiency and density
— Information technology power supplies
— Automotive onboard chargers

T1 GaN for power factor correction (PFC) design
T1 GaN for DC/DC converter design
Tl GaN reference design and tools
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GaN device: key advantages

Low Cg,Qg gate capacitance/charge (1 nC-Qvs Si4 nC-Q)
v’ faster turn-on and turn-off, higher switching speed
v reduced gate drive losses

Low Coss,Qoss output capacitance/charge (5 nC-Q vs Si 25 nC-Q)
v faster switching, high switching frequencies

Coms - v reduced switching losses

J_ ‘ & 1 Qoss :
T Ha: T Low Rpson (5 mQ-cm? vs Si >10 mQ-cm?)
J_lz 'QfRR v" lower conduction losses

X / Zero Qgrgr No ‘body diode’
""""""" v" Noreverserecovery losses
v" Reduces ringing on switch node and EMI
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Gate

?
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o e ———— — —

/
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Low switching loss in TI GaN

» GaN offers best performance

Hard switching Figure-of-Merit
(turn-on and turn-off losses)
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Soft-switching Figure-of-Merit
(turn-offlosses, ZVS at turn-on)
. TI GaN Results at 400 V
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High-frequency design challenges with discretes

GaN FET

GaN
GATE \

o P

=

GATE DRAIN
SOURCE

Common Source Inductance (CSI)
*  Slows Vpg transitions.
« Higher overlap losses (Hard-
Switching).
* Longer dead-times (Soft-Switching).
Gate Loop Inductance
« Limit peak gate current: slow down
gate drive and induce high overlap
losses in hard switching.
*  Gate overstress reliability risk.
*  Miller shoot-through risk.
White paper: Optimizing GaN
performance with an integrated driver

Gate Driver

Driver

|

/Common Source Inductance EffeN
— e Drﬂn

Ldrv_ _nul] Lg_pcbILg_gan
m‘n_]_m‘n_l_rrm_| GaN
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red = 0 nH, green = 1 nH, blue = 5nH
\ Limits peak Ips, De-biases Vgs

High-side turn on versus common-source inductance:

/

/ Gate Loop Inductance Effect \
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| | | I
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Through Losses
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Low-side hold-off versus gate-loop inductance
red = 2 nH, green = 4 nH, blue = 10 nH

Limits peak Igate & slows down dVpg/dt
Causes Vgs ringing & Miller shoot-through

5

Wi3 TEXAS INSTRUMENTS


https://www.ti.com/lit/SLYY085

Tl GaN engineered for high-frequency

« SMD (QFN) multi-chip module package offerslowest parasitic inductance for

high frequency operation.

/

Standard Power Package

Y lad )

Kelvin Source Power Package

Power
Source
(Pin 2)

~

TI: GaN FET + Gate driver

Common Source: 2nH -10nH

Common Source: <1nH

Common Source: <1nH

Gate loop: 5nH — 20nH

\ Gate loop: 5nH — 20nH

Gate loop: 1nH — 4nH J
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Tl GaN: Integrated for high frequency and
robustness

SOURCE

Integrated GaN FET,gate 4 Compact SMD package

driver, protection,reporting * Low parasitic lead
* <1 nH commonsource inductance
inductance, <4 nH gate * Enhanced thermal
loop inductance management with
* On-chip V/I/T sensing, top/bottom-side cooling

protections & reporting
Advanced power
management features

100 V/ns

LA

400V
(100 V/ns)

55Vins

Design simplicity & confidence

 Demonstrated d V,;,/dt
capability of 150 V/ns

« dV, /dtadjustable between
30-150V/ns for EMI vs
efficiency

 CompactPCB footprint
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Tl GaN integration simplifies BOM and cost

@3411\]50 un- 0%11 =
' o C3

FETs + Driver + - diver: F3€ ) i
Protection 1--.:-1-;--- =t Gate drive ]-
Ho« Surface 0_2cs { | L circultry
Min area: e
24x29mm power supply | .
needed GaN Min area:
50x40mm (o)
Only single 12- U BE >
V unregulated % [ﬁ] I;IPGND [
supply needed U protection R
l l l i needed
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Tl1 GaN FET portfolio

Gen-| Gen-ll Gen i
Industrial Automotive

CRERNNNNNY

RDS: 50/70/150 mQ RDS: 30/50 mQ RDS: 30 mQ

Size: 8mm x 8mm Size: 12mm x 12mm Size: 12mm x 12mm

Cooling: Bottom Cooling: Bottom Cooling: Top

Rj-s: <5.5 C/W Rj-s: <2.6 C/W Rj-s: <2.3 C/W

Power Loop Inductance: <2.3 nH Power Loop Inductance: <2.8 nH Power Loop Inductance: <2.1 nH
https:/mww.ti.com/product/L MG3411R050 https:/Aww.ti.com/product/l MG3422R030 https:/Aww.ti.com/product/l MG3522R030-Q1
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https://www.ti.com/product/LMG3522R030-Q1
https://www.ti.com/product/LMG3422R030
https://www.ti.com/product/LMG3411R050

LMG342x/352x: Tl Gen-ll GaN FETs

>150 V/ns Drain-Source Slew rate
capability; adjustable from 30 V/ns
to 150 Vins

Integrated gate driver bias
generated from7.5-18 V
unregulated supply supporting
\2.2-M Hz switching

Vs

|

Integrated 2.2-MHz gate driver with industry

LMG342x: 600-V GaN FET
LMG352x: 650-V GaN FET

|

lowest CSI

D
L}

1

N
LMG3425/3525 Ideal diode
mode reduces reverse

conductionlosses y

VNEG

|
[
I | R ——
|
[

OCP, SCP, Current ~

OTP, UVLO

5-V regulated output for 5V [
powering digital isolator
- TEMP [
GaN FET temperature digit FAULT
PWM reporting for active power
management ocC

[ V/IIT fault reporting

N
Overcurrentprotection Cycle-by-Cycle

Short circuit protection Latched

NEW

12mm-by-12 mm QFN

LMG342x: bottom-cooled
LMG352x: top-cooled QFN with
wettable flanks

‘SOLDER JOMT
P PAD.

Wettable flanks
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https://www.ti.com/product/LMG3522R030-Q1
https://www.ti.com/product/LMG3422R030

Outline

 Applications driving for higher efficiency and density
— Information technology (IT) AC/DC power supplies
— Automotive onboard chargers
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Multi-kW applications demanding high efficiency &
density

85-265 Ve oy
DC

AC/DC power supply for datacenter, telecom, medical and industrial (up to 10 kW)

EV Power Train

] Traction

Inverter
 PFC  [=DC|| DC = =
| [] | [] | []
+ + +

AC/DConboard —T— IJ—— - HV
charger (OBC) | I I ocjioc | | DC/DC
3.3 kW-22 kW =

I 2-4 KW

Automotive HEV/EV powertrain
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AC/DC trends In datacenter and telecom

Energy Efficiency

Beyond 80+ Titanium
@ 50% & 100% load

High power &

Power density
3kW/4KW/SKW & >100W/in®

80 PLUS Certification = 115V Internal Non-Redundant = 230V Internal Redundant

% of Rated Load 20% 50% 100% 10% 20% 50% 100%
80 PLUS 80% 80% 80% N/A
80 PLUS Bronze 82% 85% 82% — 81% 85% 81%
80 PLUS Silver 85% 88% 85% — | 85% | 89%  85%
80 PLUS Gold 87% 90% 87% — 88%  92% 88%
80 PLUS Platinum 90% 92% 89% — 1 90% | 94%  91%
80 PLUS Titanium — — - 90% | 94% @ 96%  91%
80

 PSU efficiency spec 2021:
» [TE-level PSU >96.5%
» Rack-level PSU peak

efficiency > 97.5% @ 230Vac

1 MHz
Integrated
transformer
design

0. 152 .3 45 _6-.7 8.9 1011 .12.13.14.15.16-17-18 192021
= = — ————— —
same FF

[ L i
ITE-level PSU going up to 3kW+ in
* Power density: 80W/in%in Y19-Y20 >
115W/in®in Y23-Y24

Rack-level PSU going up to 4kW+ in
same form factor
» Power density: >100W/in® by Y23
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Automotive trends in onboard charger & HV DC/DC

High power density Lower cost

Requires new topologies and Smaller and cheaper
design approaches: magnetic components
* PFC: Totem-pole topology to Integrated magnetics
achieve 2x density (eg, inductor +
improvement transformer)
DC/DC: >10x increase in Lower BoM with
switching frequency to highly integrated
achieve significant reduction devices
in magnetics

Fasterto market

Solutions that easily scale
from 3.3-22 kW and
address both 400-V and
800-V battery systems,
while delivering on
performance metrics.

Reliability

« Component level and
application level reliability

» Confidence for adopting
new technologies or
design approaches

14
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Outline

« Tl GaN for power factor correction (PFC) design

15

Wi» TEXAS INSTRUMENTS



Hard-switching loss breakdown: Tl GaN solution
» Hard-switching loss occurs in CCM Totem Pole PFC.

Hard switchingloss
1
|

Low COSS output

(c:;apl\filci_tanc_et inTI I . ] ~
aN givenits : Ideal Diode Mode
better Figure of De?g;;m | enables automatic
Merit (FOM). synchronous FET

operation, and
adaptsto load
current. J

1
N 1 1 | | I
Coss Overlap Q.- Overlap
loss loss Loss loss

No body diode conduction
and thereis no Reverse
Recoveryloss in TI GaN device.

Integrated gate drive
that provides a strong
gate drive to turn-off.

Integrated gate drive thatis
capable of providing >150V/ns
switching speed for Tl GaN.

16
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Bridgeless PFC comparison: Sivs. SIC vs. Tl GaN

» Dual-boostbridgeless PFCwith Si MOSFET + SiC Schottky diode: SIMOSFET has high C,, loss
and overlap loss, while SiC diode has high conduction loss

« SiC MOSFET totem-pole (TP) bridgeless PFC (w/o anti-parallel Schottky diode): SIC MOSFET still
has reverse recovery loss and high dead time loss

» TIGaNtotem-pole (TP)bridgeless PFC: lowestloss, zero reverse recovery, minimal overlap

‘
FET/
|

FET+SiC Dicde Conduction

FET Coss/
e FET Coss+SiC Diode Switching | 7 —
I Rectifier FETs . .
[ Reverse Recovery . Sic RedUCtIOn n
[ Dead Time

I -V Overlap Component COUI‘]t

Loss (W)
o - a1 w B~ (4] [o2] ~l [s2] [(e]

.

TFT

puaiBocst TowemPole Toem S0k Technical article: Wide-bandgap semiconductors: Performance

-8J

Loss comparison at 1 kW, 100 kHz and benefits of GaN versus SiC o
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http://www.ti.com/lit/slyt801
http://www.ti.com/lit/slyt801

Adjustable slew rate

E Tl I I
v o o v o i
@ -1.0400000n5 i )
B 698.31916ps 79.68V ® 1.9600000ns T ©  5.0000000ns
1 ® 698.32080p5 sav 1 o L av.ono0000ms { a
3 A1G400000ms  A244.4V
; N = = N - b
[ / N AN o gL F R e e P T "l
o — o A ot
=
A
1 £
I !
/
/
/
/
|
B /
/
/
*
Bl Mm‘/ !
e [FUPPRIPIRITRAS s ol . W
@ ssov ]z 4.00ns 5.0065/5 1 7160V
(i | 20w points @ ssov ] {.00ms @ 8oV @ Tor [z
Cursors Linked Bring ¢ . :
wsor | Sre—5e [ cursors Source Bars Linked emg | coor | —— [ curo rs [ Source |MNEEEINN Linked Bring
I} 5 ece ‘1 Horizontal Cursors 20Sep 2020 (Waveform) | Selected || Horlontal cursors || Qursor (Waveform) | Selected | Horeomtal | o | Cursors
scre wefor Vertcal | on  [of] | onscreen units Li6:52:41 Screen || Waveform || Vertieal || On on sereen units Screen | Waveform || Vertieal || On  [Off] | onscreen

149 V/ns 80-85V/ns 13V/ns

 High slew-rates with minimal ringing and voltage overshoot

« Tested in Buck converter at 400 V, and the turn-on dv/dt can be adjusted
according to different R ;,.,, resistances.

* The slew rate is defined from 20% to 80% at a bus voltage of 400 V.
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Impact of slew rate on device loss

* Analysis at 4 KW, 230V V,. rys, 400V bus, 55°C ambient and f;,, = 200 kHz

— Full load (4 kW) is considered for thermal design, and the steady-state loss is obtained.
— With Tl GaN's 150 V/ns slew rate, the device is cooler and the system is more efficient.

Conduction Loss P¢(T)) 30 '
+ l«-New T,ﬁ;

Switching Loss Psy (Tj) . = °
| T;=105°C

Converter
Condition

T
Il Conduction Loss
EC,  Loss
[JOverlap Loss |
EQ, Loss
I Deadtime Loss

Total Power Loss

38% loss
reduction

Ambient Thermal Model
Temperature T,

[
(=]

Rihjn + Rthha

Updated T;

Device Loss (W)
O

GaN| Sth

Steady State? No—»

Yes
5
'_
GaN| e Steady State
H T; and Power Loss
o 0

!

30mOhm 30V/ns 30mOhm 50V/ns 30mOhm 100V/ns 30mOhm 150V/ns
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Case study: CCM TP PFC Ry o, V.S Cyss trade-off

* 30 mQ and 50 mQ comparison at different f;,, with 100 V/ns slew rate | s |
— 230 V Vg rms and 400 V bus. Ambient temperature is 55°C. W
— 30-mQ device shows lower loss at full power (4 kW). 1T
— At 50% load, the 50-mQ device indicate lower loss when the switching GaN‘H i

frequency is beyond 100 kHz. °

T T
Il Conduction Loss
IC  Loss
[JOverlap Loss 200kHz 25

M O, ose 150kHz

[ Deadtime Loss

T T
[l Conduction Loss

EmC,,, Loss Thermal Design
[JOverlap Loss

EmQ, Loss at Full Power

[ Deadtime Loss

100kHz

Device Loss (W)
o

6\5@“ 6@“ QQ\“ ,\QQ\“ 60\(‘ 60\6 ,.LQQ\‘\ ,.LQQ\“
0((\c)‘(\ 0((\0‘(\ o ,T((\ o \c‘(\ o \Q((\ o ‘0((\ o \o‘(\ o \o((\

Loss Comparison at 50% Load: 2kW

Loss Comparison at Full Load: 4kW 20
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4-kW single-phase CCM totem-pole PFC

Efficiency at 230 V¢ 50 Hz

99.30%
99.20%
99.10%
99.00%

98.90% TMDSCNCD280049C

98.80% \

98.70%
98.60%
0 05 1 15 2 25 3 35 4 45
Po kW

Input range 200 Vpc-277 Vpc
Nominal input 230 Ve
DC link voltage 400 Vpc

GaN HEMT (Q1/Q2) LMG342xR030
Switching frequency 50 kHz

21
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Phase shedding for higher light load efficiency
Bidirectional 3.3kW CCM Totem Pole PFC

» Tl GaN-based 3-phase interleaved totem pole bidirectional
PFC

* Rated Power : 3.3 kW (at 230 Vins)

+ Peak efficiency : 98.7 % (at 230 Vims)

+ Total Harmonic Distortion (THD) < 2% (at low line)

* PWM switching frequency : 100 kHz

* Phase shedding control for higher efficiency

X ) 0 100

490 ——T
* T ) d o {//,/
tmca410 | | Lmeaato | | Lmeaate 4 . 4
= single Phae ! . Phase shedding 90 {J
. . ’_Nm! . control for higher . {
.. . 5
== | efficiency at light load _
! S
< 80
| =
LMG3410 LMG3410 LMG3410 v 75
r . r r O 70
UCC27714D T 65 —— 3Ph Interleaving
v A 4 —— PH-Shedding
C2000 Microcontroller 60
TMS320F28004x 0 8 16 24 32 40 48 56 64 72 80 88 96

% of Rated Load (3.3 kW) 29
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http://www.ti.com/tool/TIDM-02008

Summary: CCM TP PFC Design with Tl GaN

» Tl GaN provides different QFN package variants for optimized thermal design at full power and
max Ty,.

« TIGaN'’s 30 V/ns to 150 V/ns adjustable slew rate provides a design flexibility to optimize the
system efficiency and help on thermal design.

« Tl GaN provides a variety of on-resistance to optimize the system design at different switching
frequency. ’ Tl GaN with Different Ry

Converter ConducuorlLoss Pc(Tj)

o New T;
Condition Switching Loss Psw (Tj) i
Total Power Loss
A, A 400V
Q! foi Up to 150 V/ns
Ambient Thermal Model S|
L ew Rate
z Temperature T, Rinjn + Rinha
Bottom Cool
Updated T;
§5Vins

Steady State? No—

e Yes
TO p CO 0] I SICEGASIE (]
T;and Power Loss
23
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Outline

« TI GaN for DC/DC converter design

24
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Tl GaN: superior solution for soft-switching DC/DC

Reduced output capacitance Cygg

— Reduces dead-time, increasing the time when
current delivered to the output

— Low transformer magnetizing current to
minimize circulating current loss & eddy loss.

Reduced gatedriverlosses

High power density in system

— GaN enables higher switching frequency to
reduce magnetic components, and enables
further magnetic integration.

S2

Waveform @f, <f,

| — | S

Reduced c;irculatinég current

i ' Low MOSFET
) turn-off

e \>_/ current

H ' Primary ZVS

Secondary ZCS

AVATA"

Reduced deadtime

25
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1-MHz Isolated LLC DC/DC converter with Tl GaN

Compared with 100-kHz LLC design, the 1

kW transformeris 6 X smaller
I

>650 Grams

Input voltage (V) 380 ~ 400 V
Output voltage (V) 48 V Nom unregulated
1 MHz
Power (W 1000 W
(W) 100 kHz Integrated
transformer

Integrated Transformer 33 x53x43 transformer

size (mm) b design dsgn
Power density 140 W/in3 (8.5 W/cm3) AR
High power density
Effici 97.5% High Effici
eeney ” 0o eeney |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||I||||||||||[
Switching frequency 1 MHz High Frequency 4 5 6 7 8 9 1011 1213 14 15 16 17 18 19 20 21

— — e ——— e - — e

[Link to PMP20637] 26
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http://www.ti.com/tool/PMP20637

6.6 kW Bidirectional On-Board Charger with TI-GaN

Design Features

Design Benefits

« Single TI C2000 used for control (TMS320F28388D) + Higher power density and lower solution costthan SiC.

* Two phase Interleaved CCM totem-pole bridgeless PFC + 59% smaller DC/DC magnetics offering lower cost.
converter (125kHz)

+ CLLLC DC-DC Converter (200-800 kHz), <100ns dead-time siC

+ 250 to 450V output (battery voltage range) PFC Switching Frequency (kHz) 67 125

* quwd cooled .heatsmk' ) ) DC-DC Switching Frequency (kHz) <300 ~500

 Integrated active EMI filter circuit Onen frame Power Wi ” .
» Total Size ~ 113mm (w) x 271mm (I) x 58.4mm (h) Dgnsity '
(kWliter) 3.3 3.8

Efficiency (%) 96.5 97+

CCM Totem Pole PFC ResonantCLLLC

65kHz 120kHz 150- 200-
f %f JEP - f %f ﬁ Totem Totem 300kHz 800kHz
. : i —H-"-; { 1 1 250-450 Pole PFC | Pole PFC CLLLC CLLLC
soVAisa%_w ’ H T voc
ﬁ

Zal

Ve 119 cm?3 69 cm?3
oA ] i A 1 J 149cm®  (~25% 166cm®  (~60%
wolume
EMI Filter na T smaller) smaller)

27
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Soft switching waveforms in CLLLC

. Condltlons Vm = 400 V Vout =354 V Iout 10 A fsw = SOOkHz

o |« : b ~60ns 'H‘_ﬁ,d-:,_n_._,,.4_‘.._..%,____..,W.\,,Ma__mﬁw_:
| CH1: SWA (50 V/div) ]
' CH2: SWB (50 V/div) ) 5
BB 1or, (5 A/dV) /ﬁ
CHd: lsec AN —
S oonsldv
u::z »- 2:::: ’ A : 20.0ns/div 5.0GS/s T 10 palp;
Low Cpssy Of TI GaN enables ZVS with ~60 ns deadtime
28
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Cooling design for top-cooled device: 6.6kW OBC

« 12 GaN FETs (tsQFN12x12), 4 Si FET (TO-247), PFC inductor and DC/DC transformer
are cooled by one aluminum coldplate.

Assembled board

Totem Pole PFC

Coupled Inductor
for 2ph interleave PFC GaN FETs
Bottom view

CLLLC GaN FETs (pri)
€2000 MCU CLLLC GaN
Control Card 500kHz CLLLC Transformer FETs (sec)

with heatsink

29
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Additional resources and tools

Tl GaN Ideal
Diode Mode  [Link]

Agploaton Report
Maximizing the Performance of GaN with Ideal
Diode Mode

Tt ofConters

TI GaN DirectDrive ILink]

Direct-drive configuration
for GaN devices

Tl GaN 34 Quadrant
Operation [Link]

-

Thermal Design [Link

picaton Raport
Thermal Performance of QFN 12¢12 Package for 600-V.
GaN Power Stage

- GaN: FROM WATTS
TO KILOWATTS

» TI'S INTEGRATED
GaN SOLUTIONS

Tl GAN: BUILT FOR
LIFETIME RELIABILITY «=.., .

TAKING GAN ON THE GRID
Tl & SIEMENS

A

[Link] [Link]

DESIGNING WITH GAN
HIGH DENSITY POWER SUPPLIES

Motor Driv e Training

ith T-GaN

L
[ T[]

Integrated Mot

ti.com/gan

GaN reference designs

99% efficient 3-phase inverter

1MHz 1.6kW CrM Totem Pole PEC %

Bidirectional 3.3kW CCM Totem
Pole PFEC

GaN plug-in daughter cards
LMG3411R050 Daughter Card

LMG3422R030 Daughter Card

LMG3522R030 Daughter Card

GaN Buck-Boost Motherboard

30
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http://www.ti.com/tool/tida-00961
http://www.ti.com/tool/TIDM-02008
https://training.ti.com/gan-watts-kilowatts
https://training.ti.com/900v-gan-solution-grid-and-beyond
https://training.ti.com/designing-reliable-and-high-density-power-solutions-gan-p1?context=1134585-1139234-1136911
https://training.ti.com/gate-driver-training-series-title-introduction-and-outline
https://training.ti.com/ti-siemens-taking-gan-grid
https://www.ti.com/tool/LMG3411EVM-018
https://www.ti.com/tool/LMG3422EVM-043
https://www.ti.com/tool/LMG3522EVM-042#tech-docs
http://www.ti.com/tool/LMG342X-BB-EVM
https://training.ti.com/gan-built-lifetime-reliability
http://ti.com/lit/SNOAA36
https://www.ti.com/lit/snoa932
http://www.ti.com/lit/SNOAA61
https://www.ti.com/lit/slpy008a

SLYP755
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