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Motivation



Phase A

Stator

Synchronous Motors (SM)

APermanent magnet rotorA PMSMs

ASynchronous with stator magnetic field
A Constant speed regardless of load

ATraditionally radiakflux

Alndustrial applications
APumps, fans, etc.

Phase B

Copper Coils

Rotating Magnets
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Variable Frequency Drive (VFD) X" Ay

ASpeed controlA match energy demand
AAC (480VAC grid®\, DC (679VDCHB AC (motor)
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PCB Stator PMSMs

AAxial flux
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PCB Stator

ALow stator inductance! .
A10s of, H s ;

AVFD switching frequency vs. filter size/weight/cost

G IGBT: <20kHz max




~10"%2eV

WBG Semiconductors

ASiCa WIN MM} WY n Wt ¢ A WiEkSH 11259

orbitals

AGaNa We GUWq VY W~c Ar Wsia s WIInn RARITUR
AHigh frequency, voltage, temperature applications
AAIJRIJUQqG! AW] ¢ VAR SINMSeYsVRLDED L'~ 2

Si
Bandgap —
GaN
E, (eV) e
¢ SiC

. crlfhe‘l'ﬂ‘lal Electric Breakdown
onductivity Field E_;, (MV/cm)
A (W/em-K)

Electron mobility Saturated electron
[V (x10° cm*/V-s) velocity Vg (x107 cm/s)



Project Objectives

AFirst step towards GaNVFD for PCBstator PMSMs
A2-year plan at LAPCSA

ASynchronous buck usingnew ultra high-voltage GaN switches
AOpen-loop SPWM (unidirectional hakbridge)
A679V
A3A
A200kHz

ALearn about GaN layout and driving technigues
AEnd-to-end ownership
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GaN Benefits

AlGaN Barrier Layer  lps

GaN Buffer Layers MOSFET GaN E-HEMT
Drain
O Drain

Reverse current path
Reverse current path

Aﬁ( I:Eldls,on A X I:Bctmd I
Ak W9 ¢ G¢ HR k@) H1Jt L o | [« L% ol -

Ao WEs RaH6 RUNMY GUIT we 17 e O— -1l K o
AEffective body diode withQ, =0

A . i
| €+ trr —» ‘ GaN EON =92 uJ
Current | | Snappy recovery:
| | ; - 1. High leR/dt,
IF I | Si MOSFET 4 ‘ parasitic ringing
I : Qgp loss dominates 2. Body diode
| 6670ul! ruggedness Qoss loss only: /
| | ' ‘ 1. Much lower turn-on |oss |G
Ve | ! i ‘ 2.  No snappy recovery and |
uncontrolled high dlgg/dt f
0.1xI, F===== - . Clean waveforms wm
' —
Irr B | Value Mean Ty Max 5td Dov :29 - '*1’»7“}"\ o
Voltage = ‘




GaN Challenges

Ao dlidt

AEMI generation
AParasitic inductance voltage
spikes and ringing

As did/dt

AEMI generation

AParasitic capacitance leakage
currents

AGate mis-aqj| RNNIYL)RUT
ASchottky gateA %\, margin
AANnd more!

VI"

Ql

or
IFT

|
/

-
A _JK- 2
T "‘Qh
@ Driver| v.o
Va2 N= ==
v
VaGi

Va2

Vg.\z

di V(;]@

Driver
Q1
F |40
Vas| i
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Ref.

Problem Statement

Root Cause

Solution

[101-106]

Voltage overshoot and
oscillation in gate and power
loop during switching action

Power loop and gate loop
inductance

Reduction of loop inductance, slowing
down switching action

[107-108]

Coupling of power and gate loop

Common source inductance

Use of kelvin connection

[109]

Coupling of power and gate loop

Coupling through mutual magnetic
flux

Orthogonal placement of power and
gate loop to reduce coupling

[110-114]

PWM distortion and subsequent
mis-triggering

CM EMI noise due to high dV/dt,
CM to DM noise transformation

Cascaded isolator stage in gate driver
and EMI filter to reroute EMI noise

[115-121]

Mis-triggering of gate

Induced by leakage current from

C ad

Use of low gate resistance for turn off
path, reduction of L,

[123-125]

Dynamic current imbalance

Asymmetric power and gate loop,
uneven heating of parallel die

Symmetric layout, Active gate driver
solution

[126-128]

Coupling of power and gate loop
in parallel device

Quasi common source inductance

Symmetric layout for power and gate
loop, Unsynchronized gate driver

[129-130]

Circulating current in parallel
device

Mismatch of input capacitance in
paralleled device

Distributed gate resistance, diodes in
gate loop of paralleled device

[131-133]

Sustained oscillation during
reverse conduction

Instability due to the reverse
conduction mechanism and
feedback loop formed with circuit
parasitic

Reduction of circuit parasitics,
antiparallel diode across GaN
transistors, RC snubber

[134-136]

Dynamic on resistance

Hot electron trapping under high
electric field

Connection of the substrate to source
potential to redistribute electric field

[137-141]

EMI induced compatibility
problem

Impact of noise voltage source is
shaped by the switching speed

Integrated EMI filter, reduction of
stray capacitance from switching node
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mode RF HEMT (GaN on $iC) FU]ITSU 690 Fower Stage
Eudyna transpherm .

D-
650V & 1200V
GaN Devices
Nitronex Corp . Started pr mluriua O INTERNATION
oer O 600V HEMT Gan Power Device O mcG ) "
AN micro Gan FUJITSU produst : :
NITRONEX : : H @ Navntas : GaN IC
; ! : ey b e O
! Emode | Amnounced 1* ! | S
1 GaNon Si 1 1
i ! :
T. Mimura et al. i i
1
i

! GaN Power Device | H m ddxalog
i transpherm |1 Gan ISR visic
i ! —

H 1 Power Device § (Infineon ! ‘ 600V l(l\\(’l Stage i i
| M. A Knan et al ! | Power Device| ! | P i T 180y ‘Q’ Stage | !
S H i i ! 1 H i H !

! ISER i ! i i i smummzms : Insmur::ms :
1 ' |

| | e
AMostly 650V devices... (<679¥FOS) === == & & 5 2

ATwo suppliers of 900/1200V GaN

AEnhancement Mode: 1GaNPower
A Nominally off: V,;, > 0
ADepletion Mode: Transphorm GANPOWER

A Nominally on: Vy, <0 INTERNATIONAL
A Techniques for nominally off:

Bt transphorm

¥ Texas

Cascode :
I I
| —>|: e | Gate
| |
| |
| |
| |
| 12V [

Gatel 4{ E Mosfet:
| |
| |

Source Source



Gate Safety Margin
(Robustness)

D-Mode Cascode o

AMore rObUSt Thermal
AAC | qi!\n! Y LWe LW o

ALow-voltage series Si MOSFE"

AG I:E|dL,on A S I:Eu)nd
AQ,>0

Ae LU9 C GC HR@&";’HIJ* L|J TP120HO58WS
AXLWEs RaqAS RUR ML GIIIT L e

Paralleling

Gate Noise Immunity FOM (Ron * Qoss)

-p-GaN e-mode TPH GaN FET

S

Cascode Device Structure
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Technology Comparison

AHypothesis: eGaN > dGaN > SiC
ASpeed and losses

ACompare devices with similarBV,c, package (layout and
cooling), junction size:

AIds,max =~30A 0 GANPOWER
ARyson = ~50 M INTERNATIONAL
AT . =~150°C
ASimulate inLTspice transph<rm
LIspice’ N

Ve 4 Wolfspeed.

17



Comparative Simulation

Alnvestigate hardswitching

Aldeal half-bridge, LC filter, R load

Aldeal driving, SPWM
AV op [V] andR, 5
datasheet/application notes
AEfficiency results:
AeGaN: ~99%
AdGaN: ~96%

ASiC: ~98%

- B
. .param Vg=480*sqrt(2) = .

e Wn |

| SET "SOLVER" TO "ALTERNATE" IN SETTINGS
ADD SYMBOL AND LIBRARY SEARCH PATHS

Circuit Parameters
Toperate [°C]
Vdc[V]

ma

mf

f1[Hz]
fsw[Hz]
tdead [ns]

Lo [mH]

Co [nF]

Ro [Ohm]

678.82
0.95
3333

199980
200.02

25

60

: .model D_ideal D(Ron=0.1n Roff=1G Vfwd=1m) :

_-paramvdd=6 L - _ I
Jparam Vss=-6 - E1 L D16
.param Vdf=(Vdd-Vss)/2 RS S Ay ' ]
| Param vom=(VadsVes)/2 - o R G Jemeses

_ Vvg/2} _ & u1
.paramRon=15 - - { i A B B s -
. .paramRoff=15 . . B Rser=0.1 1 {Rnﬁ}.nf‘dul - s o o o[l & o G 5 il 3 o 5 8 o o c
.param Lo=1m . o ! . . Vob—— T :
. . . . L . . . . . . 1Im . ¥ * )
s i85 R D3 {mavar 2/ Grsanny |
* .param mf=3333 S e o " v = WA ) D el c1 ~5Arms o
param f1=60 dcI(L1)=0 g g + g {Ron} D_ideal g e ~00 g g
- .paramfsw=f1*mf - wran 16.6666667m° - R L R6 - D4 s (‘, N R . n . . . . . . . . ..
- .param Cdead=100p - One period of 60-Hz wave 5 o o oo {vg/2} - - _ - N —s - B A T
. . : . . Rser=0.1 - 1 - {Roff} D_ideal - e -

W
- T . e v- . . . . . 5 a o 5 o o o o o
SII;E(;J{‘mal}{fl})‘ o S g S g . ‘+ L g - - - o = L - L
. Rser=0.1 . . . . P B B

RS . o '
PULSE(-1 1 0 {1/(2*fsw)} {1/(2*fsw)} 0 0) - : '
<L Rser=0.1 -

vdd

@-
>

dws ve
{vdd} “{vss} - - -
. L Rser=0.1 Rser=0.1 . - - . . . - . . . .. ..



pin8 pin7 piné pin5 pinS pin6 pin7  pin8

Thermal Pad
(s)

G KS S S

A1200V 30AIGaNPowerY 2 q LWIY 'n LU

ATry 900V 10A: o
AWill get similar learning experience

AGPI90010DF88:
A? [ Y+ YLWGCLEY Drain (D)
ABVpes= 900 V
AIds,max =10 A
ARds,on =120 m Gate (G)—
ABottom-cooled Kelvin Source (KS)

Switch Selection

GaNPFQWER

Ve
Ips vs. Vs (@ Tj=25°C and 150 °C

6
10
_ 5V
=
z
= 4n
5
Iy
2V
0
0 1 2 3 4 5 6

s (V) Vs
Capacitance vs. Vs Curve @ T;j=25°C Ips vs. Vos(@ Tj= 150 °C

b Ty
-t
=z
2.5
= v
| Vi =-5-0V
8T 1V step

bs ns
La vs. Vg reverse conduction curve @ Tj= 25 °C | I,y vs. V4 reverse conduction curve (@ T,= 150°C

Source (S)
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Microcontroller

ATI F28379DLaunchPad (C2000):
Alsolated USB
A3.3V
A12/16-bit ADCs

AHigh resolution PWM:

A Complementary channels
A Dead time support

LAUNCHXL-F28379D Pin map BoosterPack standard

LAINCHXLF26319D Pin ap |, AUNCHXL-F28379D

LAUNCHXI1-F28379D Pin map : BoosterPack standard | LAUNCHXI-F28379D Pin map

+3.3V H +3.3V +5V +5V (P0_ {HOHPWMIA : GPIO J((DHEe!e] GND
A . (P32 )!(Analogin ) (e GND (PL_H(){PwMis }{(PWM J(GPIOY(}PWM__}(GPIO J((D)}{(P61 }(SPIACS
100 MHz I’eSO|ut|0n P19 " (O)}(PWM2A ) { PWM J( GPIO((D){SPLCS_}(GPIO )(()): (P123 ) EPTCIRD
P18 ): TX (v |(Analoq T ) {ADCINGS)- (PWM2B ) PWM J( GPIO)() (GPIO™_)-{P122
P67 ){GPI0 () ){Analog In )} (ADCINE3)

(PWM3A K Timer | GPIO)
(PWM3B }H{Timer)(GPIO
(GPIO]

MosTHGPIO J(D)}{P58_HSPIASIMO
MIsO {(GPIO J((D)H{P59 )(SPIA SOMI
GPIO)(D{SPLCS _ H{(GPIO (D}{P124
(GrIo J({O):
[S5200) (O]} (crio (O} P29 HOPXBARG):

(PWM4A }-{PWM J( GPIO f(DH{ERLS) GND

(Pwm4B }:(PWM }(GPIO (O{PWM __ H{GPIO J{()}:{ P66 M SPIB CS)

(PWMSA 1i(FWM ) GPIO (D}{SPICS  }{GPIO {(O}{ P131)

(B ||'[i‘EIIEEIB (GPIO** }i{P130)

(PwMeA }{ Timer j(GPIO J(()HESIN

(BLL MO} pwM6B ) Timer [ GPIO Y} 5p; MOSI

[LELL HON (GPIOY(OH_MISO
(GPIO)(OY{sPLCS HGPIO ()
(Grio)((M)}(sPICS }{GPIO K]

{cGrIO)®) ()

P111

SPI

1
1
SPIA CLK_H P60 :SP] CLK (Analog In }{ADCINC2)
(OHPzz }{cPio H (O HAnalogin )
(I2CA SCL HP105 h{ ., . SCL
1
:
1
1
1

(=)
SSEEE

1
1
(Analogin___ }{AnalogIn | : (ADCINA3 )
i
i

clElcee]g

o
H

® ® 0o e 0 00 0 00
=}
8
B3

® % & & 0 " "
® & & 0 & 0 " 0 00
® & & & 9 0 & 0 00

I2CA SDA H P104 SDA HAnaleg Quth{ADCINAD

+3.3V ji +3.3V +5V
Analog In GND

SCICRX_H{P139 'UARTRX“"‘“”’IH ADCIN15 {
(P56 ) TX (—wcw{{Enalog In }:(ADCINCS

423
]
+<}
g
i?

(=)
E
(%2}

SCL (ADCINA®)
SDA HAnalog Outf{ADCINAL
1

® & & 0 & 0 0 00
® & & & & & " " "0
ee
S

® @& & & & & & & 00
® & & & & & " 0 00

=lil=]
F’H
|6
Q
i
[s]




Driver Raion

Gate Resistors . jmwﬂ N g W |

RG(OFF

Cgs

AControl Cgs (dis)charging ReaTe 0PT = 2% CI;_S

ARyt <Ron | |
AGuaran,tee turn-off before turn-on of other side (avoid shoothrough)
A¥ W~ R God ! Waeal U

ATradeYnnt UR Rq 6 We W
AAT Yt allkWE~f We UI W RUNDRUNA W LW
A9 YUt allkWEs Ra#HEG6 RUND W GYJaA, LW¢ Ul

AOptimized in simulation
ADifficult to calculate analytically

AExpect on the order of 530
AWant slight underdamping

—(Rprv +*Ra))
ISS

22




140

NegativeVoltage TurOff

100

APros:
Aol YRt JWRG G2 URGq!
AA1IHC\G, G W L
A¥ WWE 5 R ep#ftlGsR U N :
ACons:
Ao WI? Kimhe loss
A Difficult implementation

APros + other GaN benefits outweigh cons

Switching off Energy (uJ)

0 10

Vescorry = 0V

Vesorr) = =3V

V(;S(UEM =-5.2V

i

&
—

20

Switching off Current (A)

30 40 50 60 70

Switching-off loss of GS66516B vs. current at V;s=400 V, 25°C, R;=1Q

ha
s S

Total Loss of S, (uJ)

—
=]

10

e———

Lose ZVS

Deadtime loss increases '

VGﬂDFF]Z'_E'zlr_
Vescorr) = =3V
Vesiorr) =0V

Optimum
Deadtime

'l

40

100 130 170
Dead time (nS)

70 180



LevelShifting

Al ¢cqllwl | R21IJI { WYeqGeqlkMéslW9GcuG
ACheaper and simpler than digital isolator + nofisolated driver
ARecommended bylGaNPower GaNSystems and Nexperia

O *

aaa-036505
400V Q1
> R1 ct ﬂ
9~18V HE — L ' ’
D1
Half-bridge < £ = | Dz |R4 \"\_"
S GS driver
N | A IC D2 D3
d Dey
O | HS — Q2
HIN A i EZ
O O Y ' . R5 —(|:'2 =
L , i
LIN | N - D4 o =7 | \ b
T T_( L : 5 GS g —i<——— S A
0 a
coM K —4oeOM N | T,
Cir EZ2 D5 D6
COM Dorrz Rorr: Len] S Ls L
—_— -
LLC controller with EMI OPT GaN Systems Eff OPT <
integrated drivers circuit Transistors Circuit

(Optional Fig. 10. Half-bridge level shift drive circuit

circuit)



VGE1

Miller Clamp

VGE2

AStabilize turn-on voltageA » LU§ 2 1J1 T |
AMitigate parasitic Miller turnY U LW Idwdi L

AC,tries to pull up V, - /£ A

AZener diodes act as passive Miller clamp

VCE1

ALow impedance path forC ar
4;&
VDD . :
VGE2 \ '
vo H _\ 2
g ! I
voLavp | VGE2 Vgl

[ I— - _ I

- WIEEQE.,___J 2 | l
vss

Figure 6. Active Miller Clamp Technology



ta

$1
ON

DeadTime ; — -

S2

OFF } ON OFF

APrevent shootthrough 5 1 -
AX RORqUI WH! W? EAKt WAIA1OKsIIt YGe qRY U
ARule of thumb: 1% ofT,

A0.01/200k = 50ns ~
ATesting at <5A: s | "
ALowV, : ~50ns P |
ANominal Vbus: ~200ns .E Vgys = 500V
E Vgys = 400V
& Sor Vays = 300V i

|
0 20 40 60 80 100
Switching current(A)
26



Gate Driver

ASilicon Labs Si8273:

Gate Drivers Configuration Isolation Notes
) R Sig271 Single switch Isolated Split outputs
SSSSSSSSSSS i
Si8273/4/5 Half-Bridge Isolated Dead fime
programmability
DSNE\‘}I%OE(% ADuM4121ARIZ Single Switch Isolated Internal miller clamp
.m’},co., ACPL-P346 Single Switch Isolated Internal miller clamp
BRoancoM.
HEY1011 Single Switch Isolated Power Rail Integrated
D NCP51820 Half Bridge | Non-Isolated Bootstrap voltage
il management
Programmable Source
RENESAS RAA226110 Single Switch Non-Isolated Current and Adjustable
Overcurrent Protection

ARecommended by many GaN suppliers

AHigh CMTI (200 kV/us)

Alsolation (semiconductor-based)
AHalf-bridge driverA easy implementation

A<1500 V bus
AOverlap protection

ASi8274: hard to change D1*

SILICON LABS

VIA

L

VOA

VOB

i

:

|

A | B | ¢ bl EJF[G][H]I

V

Si8273

VDDA

VOA

GNDA

VDDB

GNDB

VOB

VDDl
c1 4 c2
16 T I 0.1 pF
- GNDI
ouT1 WViA
ouT2 VviB
CONTROLLER
o ENABLE
oo
I— WDDI
ci| _L c2
14F T T 04 pF
- I— GNDI
PWMOUT PWM
oT
CONTROLLER ROT
le] ENABLE

Sig274

VDDA

VoA

GNDA

VDDB

GNDB

VOB

VDD D1
c3
1uF
1500 V max
cam |
s a1
VDD
0(134’: ™~ ™ c5
A H 10 pF
|| <
.
Je Q2
hd
VDD D1
c3
1uF
1500 W max
CBrx
e Qf
VDD
et 1 1 ¢s
0.1 pF I im uF
—
| a2z
=~




vDD__—'VW—H—RE__ > —_ o VDD E C:?RAIN

. o ™ — a

VDDA l VDDA :
Bootstrapping o
| R
. . . ol
AFloating highside source! u ]

ADB ouTB ll:lﬂz ouTB [ Q2

A M I n I m IZG recove ry tl m e Bootstrap Circuit - Cs Chargin; Bootstrap Circuit — Cs Sourcing

AReverseblock fu” bus Voltage Figure 1.1. Bootstrap Circuit—Cg Charging Figure 1.2. Bootstrap Circuit—Cg Sourcing
ACg: Design for ripple (avoid UVLO) and refresh time
AR;: Design to minimize inrush current on startup

Cc= Q1 (trmax > 1)

Typical

B VA ISOdriver VD OCB
L Add bypass cap if CB is C ~ -
ce|¥] < electrolytic. Otherwise B — A V
- not needed. CB

Keep traces as
short as possible 28



RC Snubber

ACheap, simple, popular
AProtect against voltage transients:

A WEGRYE 13+ We 0T WYt HRT [>—w

As Wx RnIJt Ge¢ Ulle UT Wk WE
AC,, >C,.: low impedance path

0SS*

AR,,: additional damping and

600 —

Driver

Driver

_|

DC bus

—0 Vs

R, FB1 |

Decoupling cap only 10nFx2

dissipate power externally

ADesign process:
ARefer to application notes T
AOptimize in simulation 100 -

500 -

400

o T T T T 17

-100 -+ T }
7.2 7.4

—_—
> 300 ——————

—— 30

25

RC,c.
(place as close as
possible to drain pin)

<
—A) f10
-5
B Jl |,
t } -5
7.2 7.4 7.6 7.8 8
t(us)



n L1 .
Bode D
I ( : Flller INPUT LH OUTPUT 150 e AT

U 0 ( 100

ASecond order T cr
ALossless NV |
ASPWM:

AFundamental at 60Hz

-90 |

AHarmonics around multiples of 200kHz & ... _
AlmH and 0.7puFA ~6000 Hz cutoff L TR,

. . Frequency (rad/s)
A~10% max inductor current ripple
ABalance inductor size/$ and core losses

Phase (deg)

1

Je= S JiC

30



Current Sensing

Passive | PFC DCV+

Bridge Driver

Rectifier

TMCS1123

TMCS1123

Current
Sense

- DC V-

€ ©

Current

oc Control

Sensey ¥

TMC

51123

ocC Control

Current

Sense y

Al

Controller

ASimple current sensing for opeAloop monitoring

ATI TMCS1123:
AHall effect sensor

A250kHz signal bandwidth

AHigh current:

A Positive and negative

)
— © 10
9

IN + 1
8
|| 7
] 6
5

IN - 2
4
| 3

\

] NC
] voc
) vs
] oC
] vouT
) VREF
] ALERT
] GND

Not to scale

ZERO CURRENT OUTPUT

Iy LINEAR MEASUREMENT RANGE(")

PRODUCT SENSITIVITY VOLTAGE SR e
TMCS1123A1A 25mV/A +96A[2) —96A to 28A(2)
TMCS1123A2A 50mV/A +48A2) —48A to 14A2)
TMCS1123A3A 75mV/A 2.5V +32A —32At0 9.3A
TMCS1123A4A 100mV/A +24A —24A to TA
TMCS1123A5A 150mV/A +16A —16A to 4.7A
TMCS1123B1A 25mV/A —62A to 130A2) +62A(2)
TMCS1123B2A 50mV/A —31A to 65A(2) +31A
TMCS1123B3A 75mV/A 1.65V —20.7A to 43.3A) +20.7A
TMCS1123B4A 100mV/A -15.5A to 32.5A +15.5A
TMCS1123B5A 150mV/A -10.3A to 21.7A +10.3A
TMCS1123C1A 25mV/A —9.2A to 183A@) —-9.2A to 115A@
TMCS1123C2A 50mV/A —4.6A to 91.4A® —4.6A to 57.4A2)
TMCS1123C3A 75mV/A 0.33V -3.1A to 60.9A@ -3.1A to 38.3A2)
TMCS1123C4A 100mV/A —2.3Ato 45.7AR@ —2.3At0 28.7A
TMCS1123C5A 150mV/A -1.5A to 30.5A -1.5Ato 19.1A

Maximize sensitivity (maximize ADC resolution
utilization) while measuring up tolyg a1
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Simulations

LTspice’

Ly
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Convergence

AChallenge: Slow simulation speed! simulation Speed: 6.27211 ps/s

AComplex gate driver and GaN models

AS OI Ut| O n : Default Integration Method["]
. () trapezoida
ATrade-off accuracy for time Sy
. () Gear
ATry different solvers ot DC e e
. [ ] Moopiter
AAnalyze over a single cycle Dot
AAdd series resistors to voltage sources S ——
A modelled as current sources Maxtoads: [ 28
Matrix Compiler: | object code
S Thread Prorty[']: | medium
5 g*zgdﬁ}: L

el

ClL)Cl «

(Emin:

Abstol:

Rettal:

Chatol:
Trtol[]:
Volttol:

Sstal:
MinDetaGmin:

Accept K4 as 3 4K
Mo Bypass[’]

34



SPWM

Af, = 60 Hz P N
T o, lundamental Aol
— y ¢ - n—-.:.—- — =1 - — - T
Af,,HLW= MMt c A AL “ H '
Am, =f_ /f, = 3333 “ T T
AAvoid nonrinteger value (especially for e i
AC motors)A no subharmonics off; ¢, semce 87 |
AOdd integer: odd and haliwave o o Tar ot |
symmetries A no even harmonics (O ©
Ama = Vieil Viri = 0.95 ol
AAvoid overmodulation (>1.0), o/w ool o= 08 m - 13
difficult to filter harmonics g;;| ‘ ]
N : " (my + 2) o (2m, + 1) 3mf (3m; +



Gate Driving

Aldeal PWM input with DT ST SRR U 1SS
AA Gate driver model

AA Levelshifting circuit
AMake use of variables

;;ﬁ::ﬁ:{[t;'ECE;(Z}Z::ZZ::ZZ::ﬁﬁ::ﬁ:ﬁ:ﬁ:ﬁ:ﬁ:ﬁ:ﬁ:ﬁ::ﬁﬁ::ﬁﬁ::ﬁﬁ::ﬁ;;



g Vs

Gating DynanmiC<| S .

ALevelshifting:
AAs desired

AGate resistances:
AUnderdamping [V 35 [ S S O [ OO

I I I I I
ghEms 7.9R0ms= 7.9%4dm= 7 9n8ms= 7977m= 7.97fm=
i V(g1)-V(s1)]

AMiller plateau:

I I I I
7 980m= 7 984m= 7 988ms= 7992

AAs desired e

AGround bounce:
AMinimal
ABelow V,,

_________________________________________________________________________________

AV i f : f
OQTREBm= 7 97694ms= T 97700m= T 97 70hm=

f f
T97712m= TO97718m= ToF7a




Switching Node [

AModelled trace inductances

Alterative process with PCB layout
AWorst case ~10nH

ADamped ringing with snubbers

ms 7.5420ms 7.5429ms 7.5438ms 7.5447ms 7.5456ms 7.5465ms 7.5474ms 7.5483ms 7.5492ms 7.5501ms 7



Harmonics Analysis

AClean inductor current ripple

AFFT shows proper filtering
AEven harmonics suppressed too

[,l] Gate Driver v13 ag:

T S S O U S G O S S S G Cursor 1
It

Group

Cursor 2

Ratio (C

Cursor 2

Ratio (Cy

100Hz 1KHz 10KHz 100KHz 1MHz 100Hz 1KHz 10KHz 100KHz

T T T T T T T T
797 AKH7> 7GR NKH> 78 fKH7> 700 2KH> 799 fKH> 8 AKH7> 21 DKH> 2801 GKH»




Current Analysis

Al initial spike limited by R,
AExtract average and peak currents for PCB trace width design

AExtract resistor powers for sizing

TR

450ps 540ps 630ps 20ps 810ps 900ps 990ps




Power Analysis

AEfficiency = 99.2%

PII‘\‘v(wntJ]l — JTnmfRﬂ‘: + Z rms (72 ]Rﬂb
A>10W per switch
AMostly P

n=—1

1 T Lrise + Lfa
INV(sw) — 1E’fu'.'r: rm‘-'.( : )
(I !(]S’On 120 m )

b 2 j S
V(d1)-V(s1)

A VDS
IIIII---..H' ID :------lll
" 3
. ; F ;
| | : :
: | : [’;T Gate Driver v13 again.raw WItCh.]ng LOSS
: : Cursar 1 3
(Vid 1)}-Vis 1)) b (US:D)
E . Horz:| 3.0821096ms Vet:| 3.6404262W
E ! E Cursor 2
[ Vo Vid -V 1)) (US:D)
: ; Horz:| 3.0821355ms Vert:|  8.1822582W 2 COHdUCthH Loss
: ; Diff (Cursor2 - Cursor1)
S SCE NS S A or: Vert:|  4.541832w
: Freq:| 3B.605664MHz  Slope:| 1.7534e+08
3.08202ms 3.08205ms 3.08208ms 3.08211ms 3.08214ms 3.08217ms 3.08220ms 3.08223ms 3.08226ms s

3.082

?

Time




é
eeeeeeeeeeeeeeee \ Thermal runaway = High junction temp T, with
5 bad thermal design
= Conduction Loss ﬁ

T, —~ Rosen Thermal
I h I A I > gm — Switching Loss steady-state o _
rT] r I = Low junction temp T, with Junction
e r a a yS I S llllllllllllllll / Jllz- good thermal designJ —

8 B RE:-JC
e4) GaNPx bottom-cool

ANo thermal model providedL ,.%l'”m Z S T

Alterative process with PCB layout
AThermal vias, heatsink and TIM selection T T _ e T

ADesign for 15W,T, = 30°C as a FOS v
AT ax = 150°C / an

jmax —
o k:ThermalAnalysis.raw EI@
V(tj)

. RS- R6

. A
R PRS-
:___]/\/\/c/\/\/ /\/\/ SN | R
s 149 4 L =
zz@zzzzzzzzzzzzzzzzzzzzzzzzzzzzzz.;;;
:1.5:::::::::::::::::::::::::::::::::::... '1'
s maname o




IMS
=— Themnal
~ T =
TIM

Heatsink and TIM Selectio

« GS66516T is applied with 10 W power loss on it

«Tys =25°C
AMetaI-based PCB? 0.152 0.203 0.25 0.102 0.178
Ask yRILLH 2 a s a 3 T
AHi-Flow THF 1600P: | O] e e \
AThermally conductive, B pm e
electrically isolated : K
AOlOZ mm tthkneSS Key pargmeters fquIM g - I { I ‘
A1.6 WimtK dilectrc strength : | -
. . mechanical strength, SIL-PAD K-4 | SIL-PAD 1500ST , GAP3000S30 ‘ HI-FLOW 300P 3500535-07
ANOH-“CIUId and cost 120 O A
. £ —— Without Airflow 1]
AHeatsink: g T T
£5 80 [ 1
ABlack (for thermal camera) ee | [lmeem 1A
APCB layoutf HS size 3% BaPad sugy
%ﬁ 20 - 4 o #’_#_,::##:::::# m
= 0 I e e W B
0 2 4 6 8 10 12

Heat Dissipated (W)
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PCB Design

Altum




Layer Stack

AOperating frequency inthe kHA 1 Y UK q s Yimpedabe HY 2 @
and length matching
A4 |ayerS f"lﬂrﬂf T‘:-‘ﬂe Thickness - Thru 1:4
A TO p : E Ij]:':rlif:lr-iarl‘l ?:T::Ir-lzarliﬂ ask 0.4mil
A PWR Top Layer Signal S78mil
AGND Dielectric 4 Prepreg 2.Bmil

Layer 2 Signal S7amil

ABOttom Dielectric 1 Dielectric 2,.6mil

. . 3 Layer 3 Signal S78mil
ABenefltS- Dielectric 5 Prepreg 2.2mil

AS|mp||fy routing Bottom Layer Signal 378mil

Bottom Solder Solder Mask 0.4mil

Alncrease density
AAcceptable cost

Bottom Cwverlay Cwverlay
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Components

ACreated schematic and footprint libraries:

A Consistency

A Gate driver:IPC compliant footprint wizard
AGaN DFN: manual footprint creation
AUse datasheets for dimensions

ABOM: given approved supplier list
A Quiality control
AlLeverage partnerships
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