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transphorm | Agenda

* Introduction to GaN Application Space vis-a-vis other Power Technologies
* Application of 650V GaN in 30W to 10+kW Power Levels

/" a. 30W to 65W — Adapters, LED Lighting
b. 75W to 150W — Adapters, Gaming Notebooks, Computers, LED Lighting, Monitors

c. 150W to 1.5kW — Computing, 2-wheeler (e-bikes, e-scooters), LED Lighting, PV, Gaming
\ Monitors, Large form-factor TVs, Personal Power devices

J

d. 1kW to 10+kW — PV, UPS, Server Power, EV
* Approaches and Topologies for Different Applications

* Comparison of GaN with Si MOSFETs in Select Topologies

T



transph<rm

Device Comparison — Silicon, GaN and SiC

Performance Criteria
Frequency, Efficiency, Power Density

a R o 2
fp GaN GaN °§’
T 3
& & m
i Y Y .
5 GaN GaN SiC
k= SiC
g Si Trench _ _
\_(CB&SG) )\ SiSI \MIGBT A y
(£ B 4 N\ N
Silicon Trench
. with charge Si SJ Si IGBT
g balance & Si IGBT
. shielded gate /| VAN
Low High High
50-300V 400-900V >1000V

Rated Semiconductor Breakdown Voltage
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transph=rm | Markets for GaN by Power Levels

GaN is ripe to replace Silicon SJ or SiC in most markets up to 6kW

-

All-in-One PC

Laptop Adapters

Smartphone,
Tablet Chargers

_

eMobility

%
K Solar Microinverters

OLED/HD TVs

Low-Power
Discrete
45W - 300W

Mid-Power
300W - 1.5kW

System in Pkg
(SIP)

25W - 140W

System in Package

(SIP)

High-Power
1.5kW — 6kW+

Data Centers

EV Charging

Various GaN Suppliers have Commercial Success in Low- through High-Power Segments of the Market

Industrial UPS

eMobility




transphorm | Major GaN & SiC Companies & Key Markets

DC-DC supplies in Datacom, Notebooks,
Telecom, Automotive

AC-DC Adapters, Computing, 5G, PV,
Automotive, Motor Control

Automotive, Industrial, Motor
Control & Infrastructure

Ifene,

GaR- transphom cifineon ()

191 Innoscience & Navitas

ON Semiconductor”

* Disclaimer: Some companies may have been missed; companies not shown in any order

aower "l # i UnitedSiC
G@ Systems - integrﬂtimﬂg'ﬂ life.augmented
(01 Innoscience (Infineon & @ Navitas
] ‘—— MICROCHIP
w VisIC NS Y/
Technologies life.augmented
40V to 200V VOLTAGE . 400V to 750V » Up to 1700V

1 @
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transph<rm

DR+GaN
(Navitas)

Comparison of E-mode, D-mode, Drv+GaN
Single Ended Topologies

[ Control Gate Oriver 3

Simplified schematic

DR+GaN

é-ate Driver

Power Stage\

e Requires bias rail

* Possible
duplication of
driver

 Added
functionality
possible but
limited

Cascode Device Structure

Topolgy
1 | ,
Pawer Factor Gate Gate Y| E-Mode
Cerraction Driver i| Driver {i| HEMT
|.'" BE —L"'
CCCY \ /
IS Y

Power Factor
Correction

Cascode |
D-Mode |
HEMT
+

{| LV Silicon |:
MOSFET |:

Added BOM

2-switch Normally Off

* SIMPLEST to Use

* Higher efficiency

* No protection
needed

* Multiple Packages

e

DISCRETE
(GS, NVTS, INNO,

ol Gatenier s [ roversue | Infineon etc.)
TM | | ] | D (5

1 — \ 1% ! o

[ '-.:; Power Facior [) E??H \ La;;ihﬂl [ :,: EHEM:;-:? $ . U_J—T

.Flil 1 ' E X —lr : ss(s)b_7l

E ‘/ \— F-@aN Discrete

Needs level shift
with std. silicon
driver

Protect gate to 6V
Max

New 5.5V gate
drivers, still need
protection

g



transph<rm | Comparing TPH GaN-HEMT vs. leading SJ-MOSFET

Parameters Cool MOS GaN-HEMT
IPB65R150CFD TP65H150G4LSG
Vs 650V @ 25 °C 650V
(spike rating 800V)
Stati Rps (25°C) 0.135/0.15 ohm 0.15/0.18 ohm
atic Rds (150°C) 0.351 ohm 0.307 ohm
Qg 86 nC 8 nC
Qgd 47 nC 2nC
Cofer) 50 pF U 43 pF 1
Dynamic Coter 512 pF [1] 85 pF 1]
Qrr 700 nC [2] 40 nC B!
Reverse
(2] (3]
Operation trr 140 ns 31ns

[2] Vps = 400V, I = 11.3A, di/dt = 100A/ps
[3] Vs = 480V, Ips = 9A, di/dt = 450A/ps

Note: Parametric differences exist between D-mode & E-mode GaN

|

Conduction Loss

Driving Loss

Switching Loss

Reverse Recovery
Loss



transphorm | Power Level, Applications & Topologies for 650V GaN

Power Level

<65W

75W to 150W

150W to 750W

>750W to 1.5kW

>1.5kW to 10+kW

Typical Applications

Power adapters, USB PD Type-C, LED Lighting

Adapters, Computer, TV, Appliances, LED
Lighting

Gaming consoles, Computer, TV, Servers,
Appliances, e-bike chargers, E 2/3W OBC, UPS,
Lighting, PV

Computing, Electric 2/3W Chargers, UPS,
Residential MPPT & Inverters

Computing, 5G, EV OBC & LBC, UPS, Industrial
scale MPPT & Inverters

Dominant Topologies

QRF, ACF, SSR, PFC Flyback, PFC Buck, PFC Boost

PFC Boost + QRF or ACF, PFC Flyback, Dual OOP
PFC FB, PFC + Forward, PFC + HB-LLC

PFC Boost + DC-DC, Totempole PFC + DC-DC,
Inverter

Sync PFC Boost + HB-LLC, BL or Totempole PFC,
HB/FB-LLC, PSFB, Inverters

BL PFC/TTP PFC, PSFB, HB/FB-LLC, Multi-phase
HB-LLC Inverters

T



Topologies for Adapters 30W to 330W

Mobile Phones, Tablets, Notebooks, All-in-One, Gaming Consoles
Variations of the Flyback and Two-stage Topologies

g



transph<rm

10

USB-C Adapters™* — Volume Driver for GaN-on-Si

Other applications growing fast too

Fastest Adopter of GaN-on-Si products

* Almost every mobile phone, notebook and accessory adapter maker is making GaN based products and
plans to replace power MOSFETs with GaN

Power Levels
* 33W to 140W — with new extensions coming
* 65W adapter most popular, but penetration growing in lower and higher wattages

Topologies < 70W (no Power Factor Correction requirement)
* Quasi-resonant flyback most popular, followed by active-clamp flyback
* Frequencies still <300kHz for mainstream to mitigate EMI issues

Topologies > 70W (Power Factor > 0.9 required, with exceptions)
* Two-stage or three-stage topologies required due to Boost PFC in the front-end
* QR Flyback, AC Flyback, Hybrid Flyback or Bridge topologies are deployed

* External power supplies; category has non USB-C supplies as well

T



USB-C Adapters (<70W Considerations)

* Several power IC companies have developed flyback controller ICs to address this

* Typical low-side flyback block diagram

* Primary side controller and synchronous rectification (SR)

* Simple and well understood implementation

* Controller architecture, sensing of valleys, timing differs and gives the competitive advantage

=

AC to DC
Rectifier

transph<rm
market
AC
Input
90 to 264 Vc
11

ACto DC
Quasi-resonant
Flyback
Or

Active Clamp
Flyback

PD Controller

USB Type C
PD/PPS
3.3t0 20 Voe

g



transph<rm

30W-65W Adapter Block Diagram

(Quasi-resonant Flyback Topology)

- Transformer
P N-MOS
L L . ﬁ O+ Vo
@ EMI filter g ? - — USB
& o ol J K ] _ TypeC
Rectifier Bridge gk 43 Lxl ©
| SR
N rzg N Controller
500mQ - 150mQ
Rds(on) Typical §
Power Delivery
QR Flyback N4 Controller
Controller VCC AUX | Feedback loop
OCP SCP Circuit OCP
OVP OTP OvVP

12

}lt% OTP
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transphorm | Conventional RCD Snubber in QR Flyback

n:l >

l
R, C;

1
Vbulk T

D

[

Ly
YYN
°
- +
Ve | Cout ==Vour 3 Rioad
: )
X [ ]

i

.
—[5.A 7, GaNorsIFET
sy

Flyback Converter With RCD Snubber
O Transformer leakage energy is wasted as heat
O Power loss in snubber increases at higher sw. frequencies

1 \"
Q P, =-.Lp.12.—2—f
sn 2 -1k tp Ven—-nVour  SW

Q ForVeu=2.n.Voyp, Psn = Lik. I3 fw

Vbulk-nVout

High voltage spike and ringing at primary FET drain
- energy is wasted as heat
-> contributes to EMI

- need proper design to avoid exceeding rating

QR valley around or above 200V
- switching losses can be mitigated with other approaches

- higher EMI due to larger switching voltage

Specialized ICs with precise valley switching required to attain >92% efficiency

13
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transphorm | Active-Clamp Flyback Improves Performance

Viy O 3 L
p— RCD
AC 2
© o ‘Vbulk-K*nVout
v R >
t
‘ Active clamp operation
Peak voltage is reduced, more aggressive transformer turns ratio is possible, lower SR FET voltage rating
Recycles leakage energy, higher efficiency
Soft switching of active clamp FET, lower EMI
Higher
2 Active Clamp = QR valley is well below 200V ( near ZVS of main switch ) efficiency and
Higher efficiency due to lower switching losses lower EMI
Lower EMI due to smaller switching voltage
s
14 i



transph-rm | Hybrid Flyback Controller (Same as AHB)

Step-up over QR & ACF on Vds(max) but lags cost of QR & efficiency of ACF

Vin - -_~
- N
Rusep = ‘ L, )
c = Qus N s
Risas ~__ -
Vis ITB T ./ . I°‘£ ,\%4.
> » >
il | VnLrt
Risen 1 ) Qus N, } N, L I
> v LD Court Courz |
Riscs Cr | Qsr |
al IR $GND
o — | i T
Vos 7 N |
cs v. Nl
) -ULRshunt _a |
Source: Infineon

. Cross-over between Flyback and the HB-LLC

i . v

VGSI/VGSQ: 10 V/div

----- R VDSI/VD.S'J: 250 V/div ‘

- Time: 1 ps/div

Peak voltage is reduced, Vds = Vbus, lower SR FET voltage rating

Storing energy in the transformer
Recycles leakage energy, higher efficiency
Needs two symmetric switches

2 Boundary condition of ZVS Operation

Higher efficiency due to lower switching losses
True ZVS if input voltage is stable (DC_in)
Lower EMI due to smaller switching voltage




transphorm | Primary vs. Secondary-side Control

Primary Side Control Secondary Side Conbrol
!
Wi - Win
-
L .3 % % E —T— Wout
..* T
1L¥T : L\T
Start-up |’J l _*_ ! J l -J-L- -
ZCD | Start-up —.—J A
P Diriver | Protection
(Reg.) |, = | Regulation | _ L ISync. Rect. Decode PWM l
Driver | {Dpll::i‘,l WVout regulation (Reg.) - = Regulation - Y
Others Protedtion Driver Pulse kfrmr Driver
| (Oplo) - ' L_|Sync. Recl. Decode
[ Others | Yout regulation
Spe-:i:ial !
Functjons -
{(Oplo?)
| Special
| Functions

* |n secondary-side control, the controller on primary side in only has:

e Start-up regulator
* Gate driver
* Fast protection functions

g
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g‘ VWV
NCP1342

XNk

Fault HVH

ld
TN

AY

FMAX
FB vee— | _/’—| I—‘
$——ZCD/OPP DRV C A

cs GNDA

1
AY!
A
<

1A

Figh Frequency QR Flyback
ON - NCP1342/3

Most popular for

) '
240 mQ) GaN FET (TP65H30064LSG) A b 65 adapters
93.8% peak EfﬁCiencv ' ) 8 Available in market:
ciencv @ 90 \ - . , 2% ON, Diodes, Weltrend,

HALQ, Infineon, China IDH
etc.

93% full load effi
~25 W/intDowier de

Efficiency (%)
4 \[o0Vas @50Hz | 3.25A 93.04%
? :: 115 Vac @ 60 Hz 3.25A 94.04%
£, 230 Vac @ 50 Hz 3.25A 93.85%
» . » “ “ 265 Vac @ 50 Hz 3.25A 93.46%
\_ I 4 -




transphorm | Emerging Theme — Integration or SIP (Examples)

A

o VEUS Yy Eh-'l
] Lt o
1 | o Fier
:‘: =S q
. |

C

D v
InnoSwitch3-PD CONTROL

Primary Switch j .....
and Controller

FWD__, aa
VW
_“—{E
BPS IL
LU
| _|cno !
uWCC | < !
IJ 2
15 b
VouT
VB/D
=
=2
Type-C

NTC

CCINS

s BPP Secondary

= Control TIC
o——-l_ PI-9205-031521

Various Approaches & Trade-offs (performance, size, power density)

 Multiple die in a package (Controller, GaN, SR and USB-PD) along with isolation — Power Integrations
* GaN FET and gate drive logic (Monolithic driver or level shifter, driver IC) — Navitas, CGD
* GaN FET with QR flyback controller & gate driver — Southchip & Kiwi (w/ Innoscience), Weltrend (w/

Transphorm), Navitas (w/ own IC)
 Market will see a rush of SIPs that will add functionality, reduce cost and allow differentiation

18
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transph<rm

Viux Primory Secendar)
vio {
T —
BOOT_CL SW GATE ISNS OQOVPS Auxilioey
V10 4
L CicLamp
VAUX_S
L [JVBULK_S
B
1 TEMP  V50UT NC GND FB
wd 2 o N
t 1 ¢

Most Integrated AC Flyback Controller

Improves efficiency, power density & EMI

Silanna—S71131

SZ1131 - Fully Integrated Active
Clamp Flyback (ACF) Controller

65W 1C ACF + GaN Reference Design

* 94.5% peak efficiency
* <25 mW no-load power

* 30 W/ inch3 (uncased) power density

= Full EMI compliant design

Q CO: Smart Power™

from Silanna Semiconductor

19

34.5 mm

~ :
transphorm & =, Sjlanna
‘ Semiconductor

SZ1131

Active Clamp Flyback — still delivers the best efficiency
Over 94.5% efficiency @ >30W/in> — verified with Transphorm GaN

/High side”,
! Switch

/" Enable
Rsense | switch |

iy

I

ISENP VCC PWRENB

VCCL GDH ‘
GDL
AP3306

cs

cci/iccz

AP43771V oo

vouT GND

25mmim

Tl e lliomn eom cioom 2 Mnmom ** i ol e
e heishi of compononis.

High-side PFET based AC Flyback
Controller, lowers cost & complexity

Diodes — AP3306

AP3306 — Flexible Active Clamp
Flyback (ACF) Controller

65W 1C ACF + GaN Reference Design

= 94% peak efficiency

= <30mW non-load power

= >31W/ inch3 (uncased) power density
=  Full EMI compliant design

T



transphorm | USB-C Adapters (>70W Considerations)

» Several different power levels 75W to 140W, especially with the new USB-C 3.1 extended range protocol
* |EC 61000-3-2 is mandatory (with exceptions)
* Only a single stage topology such as QR or AC Flyback used in <75W cannot be applied

* Two stage topology is most common as shown below — variations discussed later

- I I
(A ]] RO . RC
. . - - or - o
GD Filter i I— A Snubber Snubber A USE
A S — — — Jpa.C
Rectifier —i I—
Bridge
- . P
[ [ [ [ [+ % ]
Zero Current Feedback SR Controller Feedback and Power Delivery
Dete ction Circuit Compensation [ Controller
——— Cireuits OCP, OVP
PFC Controller QRF Contraller —
ace, OTF, OCP, OTP, F-ﬁ l" -
ave, UV e Ovp, SCP """ g
':. ;l Optocoupler Il =
20 — \l

l Optocoupler I

T



USB-C Adapters/Computer Supplies (70W to 330W)

transph<rm | |
Topology choices have expanded, just over the past year
Vac — 90V to 265V
PFC Boost Control
PFC Flyback Control
CCM Boost Control
CrM Boost Control Single PFC Dual OOP PFC

Standard TotemPole Flyback Control Flyback Control

QR/AC Flyback Hybrid Flyback AC/Hybrid Flyback Half-Bridge LLC

90w 360W 0w 150W
Pros: Smaller bulk cap and PFC O/P Cap Pros: Lower Cost, great for multi-output
Cons: Complex 2-stage design especially if multi-output Cons: Larger PFC O/P Cap if single output

21
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transphorm | USB-C Adapters (>70W Considerations)

* Furthermore, most adapters have more than one output, as shown below

* The SKUs could have any permutation & combination of multiple USB-C and/or USB-A outputs — eg.

* All GaN Suppliers have solutions and offerings for this topology

Isolation

AY
/1

AC% g ,_

- | :
! G5-065-011-1-L : : QR H
: 650V 150mQ ! | GEN -
A I: PFC : : Controller H Eﬁson "
: Controller ; : -011-1-

650V 150mQ

CrM PFC V . QR Flyback

22

O Fuse-c1

0

:USB TYPE-C
O -

1

1

— O tuss-c

1 USB TYPE-C
1

g



transphorm | Voltage Stress Considerations in 2-stage topologies

PFC Boost Output voltage ~ 400V to 410V (accounting for duty cycle) on top of Vrms

Proper transformer design and topology need to be considered to allow for headroom on the BVDSS of the

GaN devices

When higher input voltage is required (especially industrial 277V), ACF second stage is safer

~
orc . PFC Boost

Controller GaN FET +
l QR Flyback

QRF

~

RCD
Snubber

(/'
[Cu ntrt::llerIl:)ri"\‘er }
\_

GaN FET

J

)

PD
Controller

"\‘

PFC
Controller

GaN FET

HV Si PMOS

(leakage energy
recovery)

HS
ACF Driver
Controller LS

Driver
\

GaN FET

23]

PFC Boost
+

AC Flyback

PD
Controller

23

RCD

AC\ T ~—~——7———

U Vpulk+nvout | |

" Vbulk-K*nVout

Y

g



transphorm | USB-C Adapters (90W to 150W Considerations)

24

* Active-clamp flyback following the PFC stage is preferred up to 140W, eg. shown below
* USB PD 3.1 pushes power to 140W and voltages to 28V max
* Allows wider voltage range adjustment compared to half-bridge LLC, especially with USB3.1

* This topology will be compared with an ultra-flexible digital control topology used in the Apple 140W USB-C
adapter (source: www.chargerlab.com)

Type-C Port

T
el cciice2
T
| O+D-

'

AP43771V

USB PD 3.1
Controller

N

AC Flyback .
ControllerIC -

https://www.diodes.com/applications/ac-dc-chargers-and-adapters/quick-chargers/#accordion-second-item

T



transphorm | Comparison of a Leading ACF vs. AHB Comparison

DIODES AP3306
Model No: 140CC 140W ACF EVB

Infineon XDPS2201

Model No: ANKER 120CC_XDPS2201_140W

97%

= 95%

©
o}
X

91%
89%
87%
85%
83%

Efficiency (%

Efficiency vs. AC Line Input Voltage

e |

==AHB 140W
=——DII ACF 140W

920 125 160 195 230 265
Input Voltage (VAC)

T



transphorm | 140W PD3.1 Topology Comparison

AC

Bridge

PFC Sta
Boostge ACF

C A~ . . e T [
I ! I I3[ | LI
| D1 : | |_ ™ IR

I | | SR ST |

: SuperGaNQ | : Controller I

TP65H150LSG | T ! | . !

: i | : I SuperGaN :

| || ['L|TP65H150LSG |

| : | |c2 |

| L |

N L I '
Controlor Pwap g::&“er L Optocoupler PDIC

Uses <120 components

3 HV Power Devices

Q1/Q3 — GaN devices, Q2 is HV PMOS

Uses off the shelf controllers, simpler with high
efficiency & density

26

Type C

AG

Bridge
+2MOS|

Q1:J&12
=

PFC Stage

HV Buck LLC
Boost
(=== =—=—- NTTTTIooT I E e "
! | |
_lm T LIl T Q10

| o | e I @ L T I
| | I [ "L e
I o K H o w1 *7 "

@ | Controlier |
| _>-| cl == | | ::I orver| 7 m ,
| j | | | Driver © | : i

D2 SR
| | ] I H Controller |
| | |
| ly | |_ a8 |
| | | | | — |
|
T i ! Jl
PFC Buck LLC Optocoupl I—
Controller Controller Controller o PDIC

Uses ~ 400 components

Uses 8 high voltage power devices

Topology complex, flexible, robust with excellent
efficiency at low-line

Conservative Approach

T



transphorm | Computer, Display Power Supplies & LED Drivers

* For >150W (or even lower levels) up to 1kW (or higher), power factor correction followed by a
half-bridge resonant topology is implemented

e Advantages of HB-LLC resonant topology include:
» ZVS, which produces high efficiency and allows shrinking transformer
* Limits dv/dt and di/dt, which reduces ringing, spikes and radiated EMI problems
» Stress on the bridge devices is limited to Vboost

L ARRCBEBSH oI MR BEE R HNERREEST IR IO Resnam Somarer
il O S oo
—— A
| h
|: l
B | |

27
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transph-rm | Considerations for a Half-Bridge LLC using GaN

28

Vds - 500V

» Keeps stress on the bridge switches below 500V, compared to QR flyback and ACF flyback, thus
making it is ideal for GaN

* Higher efficiency compared to AHB topology
* ZVS switching, which begs the question - Why is GaN preferred over Super Junction MOSFETs?

* Both efficiency and size can be optimized by taking advantage of the superior reverse recovery
Qrr and Coss of the GaN devices

Tek Stop | [ ] Less resonant energy

(b)

Ch1 Freq
Bl 192.2KHe Increase the resonant energy(current)

=>Reduce the magnetizing inductance

ZVS but longer dead time

Reduce the dead time

Reduce the dead time

)



transph=rm | 250W Solution & Drive Considerations

* Vin=90-265Vac, Vo = 24V, Po = 250W
» Switching frequency: 133kHz(PFC), 172-180kHz(LLC) H

Dorr1 Rorr1

Ra1

* Board dimensions: 110mm*60mm*25mm (4.3” x 2.35” x 1”)

Dorr2 Rorr2
FB2

* High Power density: 24.8W/in3— significantly higher than silicon L

peoy

* Over 96% total system peak efficiency at 230V AC input

- B e e i
. > ,
¢ 3
lylyly >
i
s
e i / N
pre f

ol [ 68

e -

0cee
€ 8TT6Td
SdIN

00 500 1000 1500 2000 2500 3000
Output Power (W}

F rsertgnae
3 SOSH5ETCIN T }" —8—115Vin —8—230Vin —&8—90Vin
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transph<rm

30

peo]

Half Bridge with e-GaN — Drive Considerations
@ -»
400V Rgoor Dgoor
O » 1 Pt
9~18V - v | Runs D
DD
Y g j‘ Ho I HS GS
O 1 HIN | 2 ——— GaN Dru
HIN :[: J Vs HMT‘ Dorr1 Rorr Zupz 19 )
3[‘1 Cin T LIN Voo Rup: P
T 1 o Lo Raz LS GS
co = © GaN Dy
| COM Dorrz Rorrz EL]:J%S
.

Source: GaN Systems Applications Note

* Vtislow ~ 1.2V, Vgs(rating) ~-10V to +7V
 Either level shifter is needed or dedicated 6V
* For single ended topology, same applies exce

* Improvementsin driving e-GaN is a trend

(max) gate driver
pt for one e-GaN HEMT

g



transph<rm Half Bridge with e-GaN — Drive Considerations

Recent examples of integration to ease e-GaN drive issues

Vcc Bootstrap Gate Interface

* Companies bringing approaches | | S
depending on their capabilities _IST.:Iat — f

* Reduces flexibility and has max power | ’ Driver -
dissipation constraints H Logic

o . 1 jsolation I o\ side

* Bundle the GaN+Driver in package with — i e 1

their controllers -

V(lid Gate| In|terface
Infineon CoolGaN Integrated Power Stage (IPS)

Vcc Bootstrap
| | |
i High Side | T
" Oriver | High Side _!‘
thoe |
L Logic Driver
Gate Low Side e H Logic —
Control Driver ot L lowside | _
_D Driver "’r
|
vdd Cs Vlid l
Navitas GaNFast HB Bridge Power IC ST Master GaN HB Driver+GaN

T



Modifications to Topologies for CV, CC-CV
(Non-USB, Battery Charging & LED Lighting)

g



Standard Constant Voltage Design - USB

GaN FETs

L

transph<rm
AC ACfilter &
Input Bridge
| ACfilter&
AC Bridge (diode or

Input

active bridge)

QR or
ACF IC

Lerc

GaN FETs

Z”d Side
Sync

USBC/

T431 (cv) | Out

Lorc

_mm_\_ﬁq

AC
Input

PFC & LLC may be a combo IC

i

¢
GaN FETs

IS

s

2" Side
Sync

_______________________________

2" Side
Sync

il

Totempole
PFCIC

USBC/
TL431 Out
(CV)

TL431

(CV) Out

_______________________________

45W, 65W USB-C
Adaptor Forms

100W - 140W USB-C,
240W in CV Adapter

240W - 330W in CV
Adaptor

Increased
Power Level

g



GaN FETs

L

transph<rm
AC ACfilter &
Input Bridge
| ACfilter&
AC Bridge (diode or

Input

active bridge)

QR or
ACF IC

Lerc

GaN FETs

Z”d Side
Sync

PFC & LLC may be a combo IC

TL431 (CV)

Out

24 Side
Sync

Non-USB Constant Voltage (CV) Designs

2" Side
Sync

Loec \
GaN FETs L
Arv\_\_—@ —|J —| f
AC ANNY
Input |—||: - ] 5
. —
l A T6C
Totempole
PFCIC

U
TL431 (CV) Out
TL431 (CV)

Out

o [

Remove USB-C PD
controller circuit
and add CV (TL431)
circuit

Increased
Power Level

g



transph<rm

AC ACfilter &

Input Bridge ‘[

QR or
ACFIC

Lprc

ACfilter &
AC Bridge (diode or
Input active bridge)

GaN FETs

2ncI Side
Sync

M) Out

24 Side
Sync

PFC & LLC may be a combo IC

Lorc
AfY\_\_ﬁ—l

AC

Input r[: 1

@
GaN FETs

I
_|

J—

Battery Charger (CC-CV) Designs

GaN FETS

MCU

Out

L L
2" Side
Sync
TC

Totempole
PFCIC

LLCIC |«

[ —

Out

-—— -

1. Remove TL431 circuit,

use MCU for CC-CV.

2. Needs firmware
capability (maintain,

program and adapt to

various field
requirements)

3. Custom analog CC-CV

circuits available

Power stage designs for
CV only application may
not apply to CC-CV.

Increased
Power Level

g



LED Lighting (CC-CV) Designs

GaN FETs XF

\
) iz&
AC AC filter & x 2 Side CC/DIM ! 1. Approaches for CCCV
Input Bridge I y Sync M y % (Processor or custom

transph<rm

CCCV analog circuit)
5EC ! can be adapted for LED
Flyback [€77777777"777mmomomoomos Lighting for simple
dimming.

GaN FETs

Lprc

ACfilter &
AC Bridge (diode or
Input active bridge)

Lo 2. Power stage designs for
§Z”' CV or CCCV application

2nd Side CC/DIM
431 i
Sync X y’ % may not be suitable for

LED Lighting with deep

i dimming requirement
PFCIC LLCIC je---=====mmmmmmmmmmmooooooooo o <10%.

PFC & LLC may be a combo IC 3. APFC + a dedicated CC

stage may be more
appropriate.

27 Side b §?&
Sync CC/DIM y L
Totempole

PECIC o [ Increased
Power Level

AC

Input rt 1

S~ jfaﬂ

)
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Conventional
Boost

Conventional
Interleaved

Dual Bridgeless

Totem Pole

Approaches for Power Factor Correction

Devices ngh.Spefed ngh‘Spefed
operating at DEIEES I Devices in FET Drivers
IFi)ne ) eged Phase 1 Phase 2
P (GaN) (GaN)

0 1 0 1 Low Side

0 2 0 2 Low Side

2 1 1 4 Low Side

2 Low Side

2 2 0 2 High Side

e CCM, DCM or CRM can be chosen based on power levels
* Switching frequencies can also be optimized depending on the application

Pros

Simple
Many off-the shelf
controllers

Higher power
Lower ripple currents

Higher efficiency
No high-side drivers

Highest efficiency
Small footprint

Cons

Lower efficiency

Higher component stress

Fewer controllers
Higher complexity

No standard ASIC
Lower efficiency than
Totem Pole

Few controllers
More complex design

T



transphorm | PFC Variations with Half & Full Active Bridge

Devices High Speed High Speed

operating Devices in Devices in .
At line Phase 1 Phase 2 FET Drivers Pros Cons
speed (GaN) (GaN)
. . 1. No high-side drivers 1. Limited power level
Half Active Bridge 2 1 0 owSide 2. Improvement over diode 2. Fewer controllers
(Conventional) bridge
. _ _ 1. More efficient 1. Requires high-side
Full Actlve.Brldge 4 1 0 3 L‘_)W S'_de 2. Line frequency switching drivers
(Conventional) 2 High Side 2 Fewer controllers

* The half or full active bridge can be used with conventional or interleaved topologies

T



transph=rm | Half & Full Active Bridge Conventional Boost PFC

£ D; <—Vboost ot D; <—Vboost
Q1 Q2
E N g £
AC L—>—" — AC_ L
- Q1 L - Q3 N
e T = T
AC_N— AC_N—-
Q2 Q3 Q4 Q5
ek L - 4L,
* The bottom rectifiers are replaced with FETs to * The bridge rectifiers are replaced with FETs to
reduce conduction losses reduce conduction losses
* Q2 & Q3 switch at the line rate * Q1, Q2, Q4 & Q5 switch at the line rate
* The boost is conventional and may be single or * The boost is conventional and may be single or
multi-phase CCM, DCM, or CrM multi-phase CCM, DCM, or CrM

39

T



transphorm | Enhancing Density using Half-active Bridge
240W / 48V output system Example

EMI filter

Half Active Bridge

PFC Choke

40

48V
Outpug

F‘\
THE5H150G4LSG E%
— TP65H070j - H Ls x
I }«%S ey
H a ?‘
TPBSHIL50G4LSG | [ RIS
ok T
" T3 v :
X ' -
}7
I —{]
v SR Jj& 1
Controller -
]
PFC&LLC cr
Controller E
47 “
59 ]
Feedback cTL;Bh
ontroller
1

The power supply uses
 TEA2206T(Half Active Bridge )

 TEA2017(PFC, LLC)

e SR(TEA2096) controller.

PFC design Fsw 250KHz, GaN — 50 to 70mOhm
LLC design Fsw 200KHz, GaN — 110 to 150mOhm
Power density target > 28W/in3

Target Peak Efficiency >96%

g



transphorm | High Density 240W Design - Implementation

EFFICIENCY %

Efficiency vs Load Current

50%

e1]15Vac

75%

230Vac

100%

LOAD CURRENT

=  Board dimensions: 100mm*60mm*23mm

= Power density: 28.5W/in3 without case 50 Vac @ 60 iz
= Compact implementation 115 Vac @ 60 Hz
= Low component temperature 230 Vac @ 50 Hz

264 Vac @ 50 Hz

5A
5A
5A
5A

94.03
95.09
96.60
96.74

0.9956
0.9985
0.9903
0.9821

41
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transphorm | Dual-out-of-phase Boost PFC

L1 D1
|4l
D2
P P <—Vboost
Q| @2
ot =l
-
Aot Q3 Q4 L ¢
IS
AC_N—
v N
Qs | | Qs
ot =l

* Distributes power stress in the two switches Q3 and Q4

* Reduces input & output ripple current

e Can work with half & full active bridge rectifiers (circuit shows full active bridge)
e CCM, DCM, or CrM, but CCM is most popular, several controller available

* Popular topology — now being challenged by bridgeless topologies

T
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L1 D1
AC_L— ‘ Ao, > <—1Vboost
Q1 Q2
L. o
= C1
D2
AC_N— ‘ A2, ' M
\%
Q4 Q3
L. o

The dual resembles the interleaved because it has 2 parallel power

stages.

2 power stages operate on opposite half cycle
No ripple cancellation or power sharing

Gain in efficiency from eliminating diode bridge

Q1 & Q4 operate at the line rate while Q2 & Q3 operate at high

frequency
All gate drive is referenced to ground, no HS Drive

Requires both inductors to deliver full power but thermally only need

to support 50% of power

-rm | Bridgeless Boost PFC — Standard & TotemPole

<—Vboost
L e
11
AC L— L e
AC_N——
<~
B Q3 Q4 H
ol =¥
GaN

* Q1 & Q3 switch at the line rate conducting on alternate
half cycles

* Q2 & Q4 switch at high frequency and alternate between
the main switch and SR boost diode depending on the
phase of the AC line.

* Requires high and low side drivers

* Can be used with transistors (Q1 and Q3) in slow leg or

with diodes to reduce cost

Requires only 1 boost inductor

T



transph=rm | GaN Totem Pole Bridgeless Boost PFC Notes

L.,mjé = i Lamjé &M ) “’mjé 4 )
3 el el
- alfy ¥ 3 S’ﬁg] B E

(@) (b) (c)
https://www.transphormusa.com/en/document/tdttp2500p100-kit-user-guide/

* Q1 & Q2 are two fast switching GaN FETs, operating at high PWM frequency
* S1&S2 are low resistance MOSFETs operating at a slower line frequency

* The GaN Devices form a synchronous boost converter with one device acting as master to allow energy
intake from the inductor and another to release energy to the DC output

* The roles of the GaN devices interchanges when AC polarity reverses

* Low Qrr of GaN and body diode of D-mode Cascode devices allows for CCM operation and avoids abnormal
spikes, instability and high losses of Silicon MOSFETs.

T



transph-rm | Strategies for Totempole (TTP) PFC configurations

e TTP PFC traditionally used digital
controllers

e Cost and ease-of-use enabling
analog/mixed-signal ICs

* Compromise of efficiency and
cost is important

* Current sensing and ZCD sensing
allow innovation

* ON Semi, Inventchip, MPS have
analog ICs on the market

45
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transph=rm | Corsair Gaming PC: Lower BOM + Higher Efficiency

Increase AC-DC efficiency: to 99% (80+ Titanium)

L%

Increased output power: 6.5%

A A
@ ﬁ?ﬁ + Smaller enclosure size: 11%
1 — Interleaved
x . _SJ N , Lower cost per watt: 6.3% (S0.28 vs. S0.30)
+ 4 |Silicon| & PFC, Si
A A —f
|_‘
- —
= -
‘ : ‘ |_} AXTEOO'
V N \\\
|_ »
650V ‘ - ‘ Iﬂ—} Totem Pole 0 CORSAIR
GaN H— — PEC GaN AX1500i Digital ATX Power
d AX1600i Digital ATX Power Supply — 1500 Watt Fully-
Supply — 1600 Watt Fully- Modular PSU
Modular PSU
_ 44929 usD
PFC Results Interleaved Bridgeless Totem Pole $44929 vsp $
Efficiency 97.8% 98 65 % “The Corsair AX1600i is the best PSU that money can buy today, period.”
Total Cost 100% 90% tom's HARDWARE

g



Topologies used in 300W to 1kW+ Applications

For e-Bikes, Electric 2/3 Wheelers and Personal Power Devices
Bridge Topology variations with Battery charging Electronics

g



transphorm | Electric 2/3 Wheeler Charger Architecture

Primary Secondary
4 ) 4 ) 4 ZVS ) 4
EMI PFC | prcBus : pc output | CC/CV
— . ' Bridge ‘ 24V to 72V
Filter AC-DC NC-DC Controller —_—
\_ J \_ J it \_ Y, tﬁ- 10
Charger Categories lj_ Zb
On Board Chargers
> Portable Chargers <
d = Pole Chargers
R 375-10KkWh 3ta28%  Portatie toFt Battery Swapping
M VARV
as v v v Vv
v v v v v
.. v v v v
Y
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transph-rm | Strategies for Bridge Controllers in DC-DC

Primary

300W-2kW LLC

AC_In

EMI — i

 Filter | ﬁ}}

Ci4 Cl3

Secondary

011
s

=

012
ot

|5l

500W-5kW PSFB

‘ T

EMI

AC_In

 Filter Pre | ;_Mﬁ_:'j

L Primary

49

Half-bridge LLC

Relatively Fixed O/P with fixed duty ratio
Highest efficiency, resonant & ZVS

Can be paralleled to do multiphase
Another variant is resonant full-bridge

Phase-shifted Full-Bridge

Works for wider O/P voltages

High efficiency, due to natural ZVS
Soft-switching at higher loads but hard
switching at low loads

Perfect for GaN!

Secondary
I

)



transph-rm GaN allows higher performance in Bridges

Half Bridge & Full Bridge Topologies

Basic building block to using GaN

O
T GaN FET
5 N
— FOM O~ mm Py
00000 ™ O Ron * QRR —T *
— Ron Qoss
8’: O Bi-directional
GaN FET Ron Qoss AdV
'_ j\l FET
S O
O— - O Bridgeless Totem-pole PFC (hard switched)

Hard Switched Standard Half Bridge

* Half-bridge requires reverse conduction

* |GBT has no reverse conduction capability, hence needs external parallel diode
* Si MOSFET has internal body diode but has high Qrr

* GaN FETs can reverse conduct and has low Qrr: Enables diode-free H bridge

50

GaN FET GaN FET ; GaN FET GaN FET‘ o
i (T =
GaN FET GaN FET | GaN FET GaN FET
|

& 'y “ _O

Isolated Phase Shifted Full Bridge (PSFB)

O—

Half Bridge (LLC)



transph-rm | Half-Bridge (Hard-switching & Soft-switching LLC)

HVDC—> HVDC
Q1 4
L E 1 L <2 Vout Q1
e i
T
| — 1 'y
Lol 1 5
;t Cz ra 'S 'a'at E .
Q2 |Q3 ) % : < Vout
LK
as Q4 |
= T ©3 - + =¥ @2 |@3 | 4 €1
a TC2 _l=aF, |=F
l N N
i Pros * Pros
*  Simpler control *  ZV Switching
* Lower cost —suitable for good GaN devices * Higher Efficiency
* Cons * Cons
*  Higher current stress on power devices * Limited Voltage range, fixed 50% duty
* Voltage Mode control * Requires power passive components

*  Difficult design
®*  Problem shifted from power devices to
magnetics

)



transphorm | Full-Bridge (Phase-shifted & Resonant LLC)

HVDC—> HVDC—
Q7 | |, ©s8 Q1 | |, @
Jt} fjl—u ’J\_ﬂ?\f‘ <] Vout Jt} fjl—u J\-mlr\ < Vout
,J;]?Y\ T25
ke = C4 = ¢
Q | Q1o |
mF L JmF
Q11H - Q12 = = = Qs . L
mE el =t
= Pros = Pros
= ZV Switching = ZV Switching
= Higher efficiency & power density = Higher Efficiency than HB with half the
= Lower stress on passives current stress
=  Wider input and output voltage range = Cons
= Cons = Limited input / output voltage range
= Peak efficiencies lower than resonant LLC = Higher stress on passives

)



transph-rm | Design Example of a PSFB DC-DC Converter

I\ \
b S = =T ____ |~
D — T NN IR I AR D AR I I
N T e e W
-l ©
o =
h F B = 2
Q >
el
> o .. o
00 &
(] o
---4 . .
an NI -
& 2 2 a
Q0 o 9
© N S Bl
(- ° Il
@) VAN »
T = ° £«
- S o =
9 2 N 2 I
3 © I S .M
> [ o )
e} o N 5
O N—— — -
wn
>
N
(@] wn
m c _._Du. c
o o5 Ww
N —
n & 9P
S
Q
+—
| -
()
>
c
o >
© o
C + w (E w
0O ® m o o ¢
¢ Hs ¢ g3
o > SOy
o ©
op W
o Y
- O
oM N
=
T O
et < = =
c =2 S & © 3
) 0 S— S~— ~— (7]
1 O “ (@) (@) ..h.o
% < zc © O
gl
< .=
a >

S

Cin

10.83A

6.43A

1,(ZVS)

Ls = 2.7uH

€ GaN offers over 40% shorter dead time than Si-MOSFET to charge/discharge Qoss

€ GaN offers over 40% lower inductance current than Si-MOSFET to achieve ZVS
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transph<rm ‘ 2 & 3-Wheeler OBC Power Supply Block Diagram

GaN FET Device Recommendations: Standard CCM Boost + Half-Bridge LLC

f 1
AC to DC I
AC Input ACto DC CCM Boost Dcto DC Sync Rec ! 32 -85 Vp¢
110V - 240 V é‘ Rectifier é‘ Power Factor LLC (HB) cc/cv Control Battery
AC X 1| Vin: 375-405 vdc !
Correction I
\ ~— e o o e e e o e e e e o 4
AC to DC CCM Boost PFC DC to DC (Phase Shifted Full Bridge)
Power Level Ropsion) (MQ) PKG Device Power Level  Rpgoy) (MQ) PKG Device
150 TP65H150G4 PQFN88  TP65H150G4
0.25 kW to 0.5 kW 20 T0O-220 TPESHO70GA 0.25 kW to 1.0 kW 150 10220 TPESHO70GA
T0O-220 TP65H070G4 TO-220
> 0.5 kW to 0.75 kW ;8 TO-263 TP65H050G4 ;V%/'O kWito 1.5 ;8 TO-263 Iggiﬂg;ggj
TOLL TP65H050G4 TOLL
TOLL TP65H050G4 >1.5kW t0 3.0 50 TO-247 TP65H050G4
> 0.75kWto 1.5 kW >0 TO-247 TP65H035G4 kw 35 TOLL TP65H035G4
> 1.5 kW to 3.0 kW 35 TO-247 TP65H035G4

T



transph<rm ‘ 2 & 3-Wheeler OBC Power Supply Block Diagram

GaN FET Device Recommendations: Bridgeless Totem-pole + Phase-Shifted Full Bridge

ACto DC

- DC to DC I
AC Input Bridgeless PSEB Sync Rec ﬁ‘ 32 -85 Vpe
110V - 240 V¢ Totem-Pole CC/CV Control I Battery

Vin: 375-405 Vdc
PFC

Ve e e e D e D D e e e D2 ’

AC to DC Bridgeless Totem-pole PFC DC to DC (Phase Shifted Full Bridge)
Power Level Rpsion) (MQ) PKG Device Power Level Ropsion) (MQ) PKG Device
150 TP65H150G4 PQFN88/  TP65H300G4
0.3 kW to 0.75 kW 20 T0-220 TPESH070GA 0.3 kW to 0.75 kW 300/150 10.220 TPESH150G4
50 TO-263 TP65H050G4 T0-220 TP65H070G4
>0.75 kW to 1.5 kW 3 TOLL TP65H050G4 >0.75 kW to 1.5 kW 150/70 TO-263 TP65H050G4
T0-247 TP65H050G4 TOLL TP65H050G4
TOLL TP65H035G4 50 TO-247 TP65H050G4
> 1.5kWto 3.0 kW 35 TO-247 TP65H035G4 > 1.5kWto3.0kw 35 TOLL TP65H035G4

T
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56

® 750W power supply

® Competition: Superjunction (silicon)

® Result: Higher efficiency, lower BOM cost

® Reduction in part count, magnetics, EMI filter

GaN Value Demonstration vs. Super Junction FETs

Active Bridge Interleaved PFC sic piode

Totem Pole Bridgeless PFC

N

b

O
GaN FET | e |silFeET
Si FET
Si FET
GaN FET | . Si|FET
+O \ J -0

Parameter Results

Interleaved PFC

Bridgeless Totem Pole PFC

Efficiency

98.5%

98.7%

Total cost

100%

60%




Designing a OBC for 48V battery (600W to 2kW)

Start with Casing, i.e End Enclosure Size and Thermal Requirements!

transph<rm

I PRIMARY | SECONDARY BATTERY
. At
LINE 400V o 48V | CURRENT SENSE
I — F"?;E;:;:‘:E" fpgel  CCM PFC BOOST || PSFB CONVERTER |=—%| T:::‘s::m:“ — REC[I:I:GTEI:N & RESISTOR
400V
AC LINE Dc  PHASESHIFTED 2V RECTIFICATION | 48V@15A 1 | |
» CCM PFCSTAGE —> FULL BRIDGE — AND FILTERING >
CONVERETER PSFB REGULATION ERROR
CONTROLLER oPTOCOUPLER || AMP hEm MIcRO
I . ¥
. Z> PFC ON/OFF
| OPTOCOUPLER
12V_S BATTERY s
12v_p FLYBACK BIAS HOUSEKEEPING L CNALS TRANSAGANER
AR 5V_S CIRCUITS
5V_P <— I
! | inpuT UVjOV INPUT UV/OV
I > DETECT OPTOCOUPLER

aciozn

IMPUT CUFRERT £ BMSIRG

?0\“‘3 -4

——

« +5WE

PGHE ™

Inush m-s'.ﬂ? ] - . SGHD = | | : =
T - mhlgmgmihu.r:hq-mmuqu:m .M..l | ﬂ Do __ s . ) r
57
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transphorm | Portable Power Stations Power Stages 150W - KW+

GaN FET Devices for: Battery Charger + Boost + Inverter + Auxiliary Power Supply

VCUT=CH
Delta 1000

AC Input
120 V¢

AC to DC Backup Battery Power Supply (PFC)

Power Level

450 W

Rosion) (mQ)
150

Package

TO-220

Device

TP65H150G4PS

AC to DC Backup Battery Power Supply (LLC)

Power Level

450 W

Rpsion) (MQ)

150

Package

TO-220

Device

TP65H150G4PS

AC to DC
Auxiliary Power

Flyback

AC to DC
Rectifier

AC to DC

Battery charger

450 W

DC to DC Boost (SiC diode) Power Stage

Power Level

0.250kW

>0.25kW to 0.75kW

>0.75kW to 1.25kW

Ros(on) (mQ)
70

70
50

50
35

Package

TO-220
TOLL

TO-247
TOLL

TO-247

Device

TP65H070G4

TP65H050G4

TP65H050G4
TP65H035G4

1
: 3.3t05 Vpe
Sync Rec 1 (15 W ma)
|
]
DCto AC
Lithium-ion DC to DC |—> Non-isolated
Battery I_> Boost 120Vac
48 to 120Vdc 50V to 400V i >
‘ USB Outputs

DC to AC Non-inverting Power Stage

Power Level Rpson) (MQ)
300
0.250kW 150
>0.25kW to 0.75kW 150
70
>0.75kW to 1.25kW ;8

Package

PQFN88
TO-220

PQFN88
TO-220

TO-220
TO-263

Device

TP65H300G4
TP65H150G4

TP65H150G4
TP65H070G4

TP65H070G4
TP65H050G4

)



transphorm | Inverter Implementation using a DSP Controller

T L e - * Already reviewed the operation of the PFC section
| v, Power stage |
I |
I J I = Atypical single-phase inverter consists of a full bridge inverter and an output filter.
I [
Vaense (HVic) : Hi/Lo : = Goal of the controller is to maintain the output voltage constant, irrespective of
F—_——— I . ||| gate 0Ja the line and load disruptions.
| controlCARD driver J E |
: ::— T~ ‘ : = |C filters are commonly used as output filter
J . ac |
I L +vﬂ \ output |
I TMS320F280049 I | ; :‘ |
| Microcontroller | | V. 1 I
g P! I = Single Phase(1PH) Inverter
! L | | : Vin = 0Vdc - 400Vdc,
| 4 [ i Hall sensor : Vout = Vdc/V2 Vrms 60/50Hz
el ol gate = ok Switching frequency = 50kHz to 200kHz (programmable in firmware)
|| | Ariver J i I = Voltage Source Inverter (VSI) for standalone operation with output voltage control
I T [
, : : =  Control law is implemented using an inner current loop and an outer voltage loop
‘4 | Feedback Yy, ./ Current |
| GaN voltage I = Proportional resonant controller is used for voltage loop to zero out the tracking
| half-bridge Filter feedback |
fe e e e e ——— ——— — a error for the selected output AC frequency

)



transphorm | Summary

e GaN device positioning has been presented

* Applications addressed by GaN in context of consumer and personal electronics with
focus on low and mid-power (25W to 1.5kW) have been discussed

* End applications include adapters, LED lighting, Electric 2/3 wheelers, computers,
monitors/TVs, personal power supplies etc

* Approaches and topologies for various applications discussed

* GaN adoption increasing in these markets and beyond — data centers, UPS, automotive
with GaN from Transphorm and other vendors

)
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