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Motivation



Phase A

Stator

Synchronous Motors (SM)

* Permanent magnet rotor 2 PMSMs

Phase B

* Synchronous with stator magnetic field
* Constant speed regardless of load

* Traditionally radial-flux

Copper Coils

* Industrial applications
* Pumps, fans, etc.

Rotating Magnets
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Variable Frequency Drive (VFD)

* Speed control = match energy demand

* AC (480VAC grid) - DC (679VDC) = AC (motor)
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PCB-Stator PMSMs

* Axial flux
* ™ Efficiency
* ™ Power Density

* ¥ Manufacturing Cost

PCB STATOR

MAGNETS
ROTOR
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SPECIALIZED

SPECIALIZED
CASING
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PCB-Stator

| ow stator inductance! .
* 10s of pH s s

* VFD switching frequency vs. filter size/weight/cost

M)

G IGBT: <20kHz max




WBG Semiconductors ==

e SiC: 100s of kHz (™ voltage) Compose of band
* GaN: up to MHz! (™ efficiency)

* High frequency, voltage, temperature applications
* Recently, GaN is showing "V and +$ = use in VFDs!

Bandgap
E, (eV)

Thermal
Conductivity
A (W/em-K)

Electron mobility
[V (x10° cm*/V-s)

Enllergy

closely spaced
orbitals

' Si
GaN

SiC

Saturated electron
velocity Vg (x107 cm/s)

Electric Breakdown
Field E_;, (MV/cm)




Project Objectives

* First step towards GaN-VFD for PCB-stator PMSMs
e 2-year plan at LAPCSA

* Synchronous buck using new ultra high-voltage GaN switches
* Open-loop SPWM (unidirectional half-bridge)
* 679V
 3A
* 200kHz

* Learn about GaN layout and driving techniques

* End-to-end ownership
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GaN Benefits

AlGaN Barrier Layer  lps
MOSFET

Drain

o

GaN Buffer Layers

Reverse current path

VAR 2> VP

* ¥ Capacitances 2 Vv P, = =
* ™ Switching speed and f "~

SW,max T

* Effective body diode with Q.. =0 e

ds,on cond

GaN E-HEMT

Drain

Reverse current path

Gate C():ﬁ—‘g X:: Cps

1.  Much lower turn-on loss |
2.  No snappy recovery and |

uncontrolled high dlgg/dt

A
|4 trr —»l [
Current | [ W — Snappy recovery:
| | : | A g 1. High dlgg/dt,
i | I Si MOSFET / ; parasitic ringing
i ; Qgg loss dominates 2. Body diode
: i 6670ul! ruggedness Qoss loss only:
[ | [ |
VF |
0.1 x Irr + ———— - ) 3. Clean waveforms
[
| W SR
Voltage




GaN Challenges

* ™ di/dt
* EMI generation
* Parasitic inductance voltage
spikes and ringing
* N dv/dt

* EMI generation

* Parasitic capacitance leakage
currents

* Gate mis-triggering (¥ V)
* Schottky gate 2 ¥ V,, margin
* And more!

VI"

VGl =1 g
Driver | |\

A _J :E1 Q2
@ Driver v o |
Va2, N———= —,
VGl Vin.dri
e [
VG2

Vg.\l

Vg.\2

VGl _| |— VGi

di V(n@

Driver
QI
F |40
V ::sl-

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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600V Power Stage

[ o)

D-mode RF HEMT (GaN on $iC) FUjiTSU 0y Power
Eudyna transpherm  El=xecw
SFAB

630V & 1200V
GaN Devices
Nitronex Corp 600V HEMT Started producing { ()
GaNon St GaN Poyer Device i SI1CGaN ;
] 1% Commercial i
Y micro Gan FUITSU 1 et ! ! Galic H
NITRONEX : : H @ Navitas : GaN IC
! | i GG \ ‘ ! Ni¢ !
H E-mode E 4 f I 1% GaN product E
! GaNonsi i !
T.N H :
i
i

Announced 1* : H pre ! (‘.1 ! :
i GaN Power Device | i % i gldialog !
| transpherm & gy ISR | LG @ i !
. ! 1 Power Device @n ! ‘ 6 ower Stage ! {
! ! ! ! i ! ; 1 80V Power Stage | & H
| M.A Knan et al. ! | Power Device ] i : |1 ® s H el NI
ISR : ! i ! INSTRUMENTS | il

* Mostly 650V devices... (<679VxFOS) **
* Two suppliers of 900/1200V GaN

 Enhancement Mode: /I GaNPower
* Nominally off: V;, >0

* Depletion Mode: Transphorm GANPOWER
INTERNATIONAL

* Nominally on: V,, <0
* Techniques for nominally off:

T transphorm

| Cascode :
' GaN |
| —>|: | Gate
| |
| |
| |
| |
| 12V |
Gatel 4{ E Mosfet}
| |
| |

Source Source



D-Mode Cascode

e More robust

* Partly from ™ V,,

* Low-voltage series Si MOSFET:
> P

7 Rds,on
* er >0

» ™ Capacitances 2 ™ P,
* ¥ Switching speed and

Gate Safety Margin

(Robustness)

Reliability

Thermal
Performance

Gate Noise Immunity

-p-GaN e-mode

TP120HO58WS
T0-247
(top view)

S

i,

_, Die Size (50 mOhm)

Paralleling

“FOM (Ron * Qoss)

TPH GaN FET

Cascode Device Structure



Technology Comparison

* Hypothesis: eGaN > dGaN > SiC

 Speed and losses

* Compare devices with similar BV4g, package (layout and
cooling), junction size:

* Lys,max = ~30 A GANPOWER
. RdS on = ~50 mQ INTERNATIONAL
* T..="~150°C
* Simulate in LTspice tranSph M
Tspice® B

Ve 4 Wolfspeed.

17



Comparative Simulation

* Investigate hard-switching

* |deal half-bridge, LC filter, R load

. Idealdriving, SPWM
Vis.op [VI @nd R, [Q] from
datasheet/appllcatlon notes
* Efficiency results:
* eGaN: ~99%
 dGaN: ~96%
e SiC: ~98%

" SET "SOLVER" TO "ALTERNATE" IN SETTINGS

ADD SYMBOL AND LIBRARY SEARCH PATHS
. .param Vg=480*sqrt(2) = .

. paramvdd 6 _
.param Vss=-6
param Vdf=(Vdd-Vss)/2

* Jparam Vam=(Vdd+Vss)/2

.paramRon=15 - -
. .paramRoff=15 . .
.param Lo=1m

' .param ma=0.95

' .param mf=3333
 -param f1=60
-param fsw=f1*mf -
.param-Cdead=100p -

ch(Ll) 0

i INE(IJ {ma}{fl}) ‘

{vdd}

{Vsei} -
Rser=0.1 Rser=0.1 . . -

n 16,6666667m
One pennd -of 60-Hz wave

é:ms -1 10{1;(2 fsw]}{u(z fsw)}oo) . -

Circuit Parameters

Toperate [°C] 25
Vdc [V] 678.82
ma 0.95
mf 3333
f1[Hz] 60
fsw [Hz] 199980
tdead [ns] 200.02
Lo [mH] 1
Co [nF] 700
Ro [Ohm] 45.6

* model D_ideal D(Ron=0.1n Roff=16 Vwd-1m)
C ) d i EL- | CRon} "ﬁ“;“('“ oo Jﬁl;xususm
ﬁ‘s’a”%l AR A ey e st :
Mw e - Lﬁ marvariGrsanan |

V2

oy o)
?&fvﬂ‘ =0.1

R6 - D4

—G=—# 2

 1“""?‘”"’7“"?“'  :1.“..1 

S :
{4/(70*Cdead*fsw)}

Dead time = 4%0,7*R*C = 0.04/fsw

~5Arms

GPIXU30SBSL _J:m .



pin8 pin7 piné pin5 pinS pin6 pin7  pin8

Switch Selection

GaNPFQWER

e 1200V 30A IGaNPower out of stock...
* Try 900V 10A:

* Will get similar learning experience

» GPI90010DF88: | .
« DFN8x8 package (¥ L) Drain (D) v e
BVpss =900V .
/ds,max =10A K é
R ds.on = 120 mO Gate (G)— N

Bottom-cooled Kelvin Source (KS)
Source (S)

G KS S
pinl pin2 pin3 pind pind pin3 pin2 pinl

ns DS
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

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

- TI F28379D LaunchPad (C2000):

* |solated USB
e 3.3V
e 12/16-bit ADCs

High resolution PWM:

e Complementary channels
* 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(DHELI) GND
. (P32 ){Analogin___}{exmm oND (PL (O HPWM1B H{PWM)(GPIOY(O{PWM__}{GPIO J((O}H{(P61 ){SPIACS
* 100 MHz resolution P15 : (()(PWM2A )i(PWI )} GPIO(MHSPLCS_HGPIO Y((O}(P123 ) DTGIRD
P18 ) TX (o) {Analogin ) (PWM2E }:(PWM J(GPIO)(() (GPIO** _):{Pl22
P67 ):(GPI0_J{_() }Analog In } (ADGINB3 )

(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 [« . o>—f " 3= 13

G = Ra
CG.S‘ G(OFF

Ls

ISS

* Control C (dis)charging ReateopT = 2% —(Rprv +Rg))

* Roff < Ron
* Guarantee turn-off before turn-on of other side (avoid shoot-through)
* ¥ Miller turn-on

 Trade-offs with ™ R:

* Pros: Vv EMI and ringing, ¥ Gate driver power
* Cons: ¥ Switching speed and 7 Miller plateau =2 ™ P,

* Optimized in simulation
* Difficult to calculate analytically
* Expect on the order of 5-30Q)
* Want slight underdamping

22




Negative-Voltage Turn-Off

 Pros:

* M Noise immunity
* Recall v V,,
* ¥ Switching-off loss

* Cons:
M Dead-time loss
* Difficult implementation

* Pros + other GaN benefits outweigh cons

140

100

Switching off Energy (uJ)

Vescorry = 0V

Vesorr) = =3V

VGS(UFE) =-5.2V

i &
- —

0 10 20 30 40 50 60 70

Switching off Current (A)

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

Total Loss of S, (uJ)
N w
o =1

—
=]
T

10

l—
Lose ZVS Deadtime loss increases

Vesiorr) = —3.2V |
Vescorr) = =3V
Vesiorr) =0V

Optimum
Deadtime

)

40 70 100 130 170 190
Dead time (nS)




Level-Shifting

* Gate drivers output >0V... Clamp with Zener diodes!
* Cheaper and simpler than digital isolator + non-isolated driver

* Recommended by IGaNPower, GaNSystems, and Nexperia

O *
400V
O
9~18V
S GS
iaN | 1o,
O
HIN
o, O
LIN _| ¢
| Io 5 GS
COM ' 7o O™ gaN KD,,
CEZZ
COM Dorrz Rorr A
LLC controller with EMI OPT GaN Systems Eff OPT
integrated drivers circuit Transistors Circuit

(Optional
circuit)

8
=5

oo | | é [|]
D2 D3

EaaY

Cc2
1
D5 Dfi[k|

aaa-036505
R1
HG { I
D1
Half-bridge R2
driver
IC
HS
R5
LG i ]
LS
=

Fig. 10. Half-bridge level shift drive circuit

AFIT\®

L4




VGE1

Miller Clamp

VGE2

e Stabilize turn-on voltage = ¥ Overdriving risk

VCE1

* Mitigate parasitic Miller turn-on from * dv/dt
VCE2 | | |
* Cyytries to pull up Vi :/ :\ '/

* Zener diodes act as passive Miller clamp

* Low impedance path for C, at |
4;&

VDD . :

VGE2_\_ oy :f

VO 1 |

Hg + I I

voLavp | VGE2 Vgl
[ — - I

N —IE’,}_QE., I l l

vss -

Figure 6. Active Miller Clamp Technology



ta

Dead-Time — .

S2

OFF } ON OFF

* Prevent shoot-through i 1 >
* Limited by DSP’s PWM resolution: 100MHz - 10ns

* Rule of thumb: 1% of T,
* 0.01/200k = 50ns

n
o
T

. @150— 7
* Testing at <bA: e
* Low V, : ~50ns 2 ool |
« Nominal V,,: ~200ns E Vpus = 500V
E Vgys = 400V
o
O

VBUS = 30{] V

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



Gate Driver

e Silicon Labs Si8273:

Gate Drivers Configuration Isolation Notes
Sig271 Single switch Isolated Split outputs
SILICON LABS 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
. ) management
Programmable Source
RENESAS RAA226110 Single Switch Non-Isolated Current and Adjustable

Overcurrent Protection

* Recommended by many GaN suppliers

High CMTI (200 kV/ps)

<1500 V bus
* Overlap protection

* Si8274: hard to change DT

SILICON LABS

Isolation (semiconductor-based)
Half-bridge driver =2 easy implementation

VIA

ViB

L

VOA

VOB

i

:

|

A

. B |

Cc

bl E [FIG[H]I

V

VoD VDD D1
c3
vDDI 1uF
c1 1 c2 1500 V max
1 T 0.1 pF T
E__J\—‘ - VDDA
cemx |,_
-4 1
ouT1 VIA VoA - Q
outz vIB
GNDA
CONTROLLER Sig273 VDD
VDDB
0(134’: ™~ ™ c5
A H 10 pF
1o ENABLE CNDB I <
s Q2
VOB h
7
VoD VDD  Df
c3
VDD 1uF
ci] L C2 1500 V max
10E T T 0.1 pF T
VDDA
= L_{cnoi
CB=x |'_
Qi
PWMOUT PWM VOA M Q
o7 GNDA
CONTROLLER ROT Sig274 vDD
VDDB
'34__|___|_ Cs
0.1 pF 1D pF
o ENABLE SNDB
.
| a2z
VOB :
~




Bootstrappin - o
g OUTA f ._|' OUTA y Il:
p p GNDA %CE __ GNDA CB;% Vg\s'
" 8 Charge Pat l o CB Dischar, ge Path
* Floating high-side source! ﬁﬁl |
) D . ouTB ll:lqz ouTB =B
B . . . GNDB = GNDB
¢ M INimMiZe recove ry tl me Bootstrap Circuit — Cs Charging Bootstrap Circuit — Cs Sourcing
) Reve rS e - b lo C k fu ll b u S VO lta ge Figure 1.1. Bootstrap Circuit—Cg Charging Figure 1.2. Bootstrap Circuit—Cg Sourcing

* Cg: Design for ripple (avoid UVLO) and refresh time
* Rg: Design to minimize inrush current on startup

Cc= Q1 (trmax > 1)

Typical
B VA vor VD :
ISOdriver A ' OCB

Add bypass cap if CB is CB 2

not needed. A VCB

Keep traces as
short as possible 28




RC Snubber

* Cheap, simple, popular

* Protect against voltage transients:

* ¥ Spikes and oscillations
* M Lifespan and Vv EMI

* C,,>C_.: lowimpedance path

* R,,: additional damping and
dissipate power externally

* Design process:
* Referto application notes
* Optimize in simulation

600

500 -

—| DC bus |—o Ve
Q,
Driver RC,.,
. FEI 1 (place as close as
= ] possible to drain pin)
Driver
' R. FB1
D AAA—=

Decoupling cap only 10nFx2

- 30

Dc-link snubber (7Q2+10nF)x2

—n(a)

7.2



o
LC Filter o

U U U 100
Lo g .
* Second order T cF |
* Lossless ~
-150 | —
* SPWM: ul
* Fundamental at 60Hz o0l !

Phase (deg)

* Harmonics around multiples of 200kHz i

-~
-

° 1mH and O.7IJF % ~6000 HZ Cutoff —18352 ; 1(1)3 o 104 i ______{65“7—&—_ ””'1#05 ISR

107

Frequency (rad/s)

* ~10% max inductor current ripple

* Balance inductor size/$ and core losses !

Je= S JiC

30



Current Sensing

* Simple current sensing for open-loop monitoring

* TITMCS1123:

 Hall effect sensor

* 250kHz signal bandwidth

* High current:

* 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

Paﬁ;é:i m': :l‘_FC DGV Bridge Driver
\’\5\;&“& R TMCS1123 P
"'.\\:\-}_\__ TMCS1123 . " ,A
\ -
AC —
TMCS1123 k d
AL 6
A [
Gurent! 5 Conro Soneey g Conio Gurent |
| Controller
PRODUCT SENSITIVITY ZERO cng.E:;EQUTpUT Iy LINEAR MEASUREMENT RANGE(")
Vg =5V Vg =3.3V
TMCS1123A1A 25mV/A +0BAR) —96A to 28A12)
TMCS1123A2A 50mV/A +48A12) —48A to 14A12)
TMCS1123A3A 75mV/A 2.5V +32A —32At0 9.3A
TMCS1123A4A 100mV/A +24A —24Ato 7TA
TMCS1123A5A 150mV/A +16A ~16A to 4.7A
TMCS1123B1A 25mV/A —62A to 130AR@) +62A(2)
TMCS1123B2A 50mV/A —31A to 65A(2) +31A
TMCS1123B3A 75mV/A 1.65V —20.7A to 43.3AR) +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 57.4AR)
TMCS1123C3A 75mV/A 0.33V -3.1A to 60.9A@ -3.1A to 38.3A@)
TMCS1123C4A 100mV/A —2.3A to 45.7A@) —2.3Ato 28.7A
TMCS1123C5A 150mV/A -1.5Ato 30.5A -1.5Ato 19.1A
Maximize sensitivity (maximize ADC resolution
utilization) while measuring up to /g . -
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Convergence

* Challenge: Slow simulation speed! Simulation Speed: 6.27211 ps/s
* Complex gate driver and GaN models

* SOlUtion: Default Integration Method["]
. Strgpa;zuidalﬂ Gmin:
* Trade-off accuracy for time @ modfiedtrap Abstol
. (O Gear Rettal:
* Try d Iffe rent SOlve rS Default OC solve strategy Chagtal:
* Analyze over a single cycle i Tl 2|
ip amin Stepping ‘-.-"l:uﬂ'tn:ll:
* Add series resistors to voltage sources Engine Sso: | 0.001 |
Sover[']: | Atemate v |
- modelled as current sources Vactroads: | g2 |  MinDehaGmin:[ 00001 |

Accept IK4 as 3 4K

Matrix Compiler: | object code
Mo Bypass[’]

£

R Thread Priority[']: | medium
:Cj‘é’l:::::::::
T {vde)
-Rser={Rser} -




SPWM

* f, =60 Hz e, ) »
-—.—.”—-l B —|n l'l:ndlrunul A 1- o
+ £, %~ 200 kHz pEaasN TUHTE
e m,=f,,/f, = 3333 “ T
* Avoid non-integer value (especially for S tu-J-— = o |
AC motors) = no subharmonics of f, (nmmsma) A&
 Odd integer: odd and half-wave Tavson Tart o |
symmetries = no even harmonics [ "
* my Vref/ Vtrl =0.95 iE
* Avoid overmodulation (>1.0), o/w §:_| [ me = 08 my = 15
difficult to filter harmonics ool L]
! " (my + 2) o (2m, + 1) n (3m; + 2)



Gate Driving

* |deal PWM input with DT SRS S ./ljﬂm

« = Gate driver model
e = Level-shifting circuit
* Make 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 Dynamics |y S S A S

Level-shifting:
 As desired

Gate resistances:
* Underdamping T e B I I S

I I I I I I I I I
ghEms 7.9R0ms= ?.Hﬁdm%t 1]Vil;-'!|:j]ﬁﬂl“g 7977m= 7 97hm= 7 980m= 7 984m= 7.988ms= 7.992
V(g1)-Vis1)|

Miller plateau:
* As desired ___________________

[1‘! Gate Driver v13 again.raw

Ground bounce:
e Minimal -
* Below V,,

orz:| 7.9770368ms Vert: -2.7190573V

Vig1)}vis1)

_________________________________________________________________________________________________________________________________________

AV i f : f : f i
OQTREBm= 7 97694ms= T 97700m= T 97 70hm= T97712m= TO97718m= ToF7a




Switching Node

* Modelled trace inductances
* |terative process with PCB layout
* Worst case ~10 nH

* Damped ringing with snubbers

V{vor)

7.5411ms 7.9420ms 7.5429ms 7.5438ms 7.5447Tms 7.5456ms 7.5465ms 7.5474ms 7.5483Ims 7.5492ms 7.5501ms 7



Harmonics Analysis

* Clean inductor current ripple

* FFT shows proper filtering

* Even harmonics suppressed too
Viver)

[,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

* |z Initial spike limited by Ry
* Extract average and peak currents for PCB trace width design
* Extract resistor powers for sizing

1{C10)

AL

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




Power Analysis

* Efficiency =99.2%

2
PIN‘U'(L‘Und} — Jr

3

rms RDS + Z ISH“{”:] RJ’_}S*
n=I

* >10W per switch

* Mostly P, (R

, teise + tfan)
PINV[HH':] — 1i"'n'.’r;L‘ms-;(
dgs.on = 120 mQ)

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

\Y%
A DS
EEE NN

Ip

gEEEREER LR N
L] .
H .
H .
. J

[’;T Gate Driver v13 again.raw

Cursor 1

(WVid 1V 1)) be(U5:D)

Horz:| 3.0821096ms Vert: |
Cursor 2

3.6404262W

: [ ) Switching Loss
: Vo Vi 1}Vis ) i(US:D)
: ; Horz:| 3.0821355ms Vert:|  8.1822582W 2 Conduction Loss
: ; Diff (Cursor2 - Cursor1)
S S R Y - Vert:|  4.541832w
: Freq:| 3B.605664MHz  Slope:| 1.7534e+08
3.08202ms 3.08205ms 3.08208ms 3.08211ms 3.08214ms 3.08217Tms 3.08220ms 3.08223ms 3.08226ms 3.08229ms

Time




-
s \ Thermal runaway = High junction temp T, with
= bad thermal design
R =
/ ps(on) . = Conduction Loss ‘ Thermal
—_ SW|tch|ng Loss steady-state 5

Thermal Analysis Sz I

Low junction temp T, with Junction
good thermal design —

8 B RE:-JC
GaNPx bottom-cool

&Solder

No thermal model provided ®

* |terative process with PCB layout
* Thermal vias, heatsink and TIM selection n ccppe ._/ R

* Design for 15W, T, = 30°C as a FOS : e
o T =150 °C ‘_/Ambient

jmax
S o - k:ThermalAnalysis.raw El@
"ii:iRS:iiiiiRGiiiiiiiii 20
= e
f___TJ /\/\/TC/\/\/ /\/\/Thliz_fi'i .
nO 248 e
A5 T30
N7 o trandme




Heatsink and TIM Selection T

« GS66516T is applied with 10 W power loss on it

« Tys =25°C

 Metal-based PCB?
* V¥ Ry but M1§

* Hi-Flow THF 1600P:

* Thermally conductive,
electrically isolated

* 0.102 mm thickness
e 1.6 W/m-K
* Non-liquid

e Heatsink:

* Black (for thermal camera)
* PCB layout 2 HS size

Key parameters for TIM
material selection:
dielectric strength,

mechanical strength,
and cost.

Thermal Resistance (°C/W)

IMS

Board
=— Themnal
grease
AL FAL 00 AF3000 ) 9 U0
UU |
0.152 0.203 0.25 0.102 0.178
0.9 1.8 3.0 16 36
T,=69.2°C ‘
T,=57.4°C
[0 |

-

] SIL-PAD 15008T

Gapfiler GS |

SIL-PAD K-4 GAP3000S30 HI-FLOW 300P 3500535-07
120 I

v . . 1
= —— Without Airflow -
20100 >
vt ———200 LFM L]
£ 80 [ T
95 ——— 400 LFM -
S E e
o< B0 =
@ L~
£ ol
@8 40 o
o< L~ """-__-—-#

0

0 2 4 6 8 10 12

Heat Dissipated (W)
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Layer Stack

* Operating frequency in the kHz - don’t worry about impedance

and length matching

* 4 layers:
* Top
* PWR
« GND
* Bottom

* Benefits:
* Simplify routing
* Increase density
* Acceptable cost

Mame

Top Cwverlay
Top Solder
Top Layer
Dielectric 4
Layer 2
Dielectric 1
Layer 3
Dielectric 5
Bottom Layer

Bottom Solder

Bottom Owverlay

Type
Crverlay
Solder Mask
Signal
Prepreg
Signal
Dielectric
Signal
Prepreg
Signal
Solder Mask

Owverlay

Thickness

0.4mil
1.378mil
2.8mil
1.378mil
12.6mil
1.378mil
2.2mil
1.378mil

0.4mil

Thru 1:4

45



I

Bottom view K=2.74mm

Components

D=B; E=8; e=1.95; b=0.97; i €O.34x45
L=0.57; D2=6.82; E2=3.19 Ve

SLEAD DFM [8xBx0.75mim, l - b
Pitch 1.95mm) L

* Created schematic and footprint libraries: e AL
 Consistency EE—
* Gate driver: IPC compliant footprint wizard
* GaN DFN: manual footprint creation
* Use datasheets for dimensions

« BOM: given approved supplier list g
* Quality control
* Leverage partnerships

E2

Land Pattern View

A1 H N

46



Testing Points

* Design for testing (DFT) aligns with project objective
* GaN gate probing: minimize probe loop

* Test points for:
e Gate driver pins
* Gate pins
* Hall sensor pins
* Power and grounds

* Considered test pads:
* Difficult to probe

47



ICs

* Datasheets for layout
and PSU guidelines

 Gate driver DFT
* Header for EN signal

* Hall sensor

* 0.5% precision resistor
divider to set V5

SxIpc
Voc=—335

where

+ Sis the device sensitivity in mV/A.

* loc is the desired overcurrent threshold.
* Vqc is the voltage applied that sets the overcurrent threshold.

Q

3 TEXAS
INSTRUMENTS

AV EARER) M

C18




DSP Connection

* Options:
* Jumper wires to headers:

* Pros: simpler, ¥ board area, ¥ connection count
* Cons: ¥ noise immunity, ™ mis/disconnection risk

 Ribbon cable:

* Mitigate misconnection risk

* Daughter board:

* Mitigate misconnection and noise immunity risks

 Connect half of DSP = future extensions

* Jumpers to change pins in case they fail
* Part of DFT




Decoupling Capacitors

* Minimize line L and series R:
* Place near DC source pins
* Place near DC destination pins

* Multiple in parallel 2 ¥ Total ESR

100 KV - e

] Power
. capacitors

10 kV +

* Ceramic: =
* ¥ Size =y
q) ::/'/
[ ) =2l > Tantalum capacitors
\l/ ESR 2 """" with solid electrolyte
g

« 1 Reliability
« 1 Q at ? frequency
o Double-layer

¢ Rated VO l.tage > 2VC Ceram\i\é\*«-,\ = = - \ supercapacitors

. capacitors

1 V e =t o vuw‘x Luy. TTITR N TV wy Ll Ly
1 pF 1nF 1 pF 1 mF 1F 1 kF 1 MF
Capacitance



LED Indicators

* For DFT and better user experience
* DSP 3.3V Power

* Driver 12V Power

* Driver 3.3V Enable

Anode

* Current-limiting resistors to ensure nominal /; Z,._

>\
Cathode

51



ANSI PCB TRACE WIDTH CALCULATOR

Trace Width

e |IPC-2221 standard

* Power traces: design for 10°C rise @5A as a FOS

* Current shared across layers
* Sum widths for effective

* Driver output current:
* <50 mA average (sim)
* <1.6 Apeak (sim)
* Design for peak 2 28 mil

Input Data Results Data
Internal Traces External Traces
Field Value Units Trace Data Value Units Value Units
Current (max. 35A) | [5 | [Amps v | Required Trace Width | [290.44 | [mil ~] |[111.65 | [mil_v]
Temperature Rise (max. 100°C) Cross-section Area | [390.29 | [mik ~] [[150.03 | [miF ~]
Cu thickness | [1 | [oz/ft? ] Resistance [0 | nomms ([0 | aomms




DC Bus Capacitors

* Minimize power loop inductance:
« Commutate current as fast as possible
* Avoid switch overvoltage during DT

* Bulk (film) and links (ceramic)

* Film: ™ dv/dt, ™ current, ¥ self-
inductance

* Polygons:
* Maximize V,
* Minimize V,
switch node!

to GND overlap
or GND overlap with

+
Bulk =—

Link =—




Thermal Vias

 Bottom-cooled devices

- thermal vias = heatsink pad

* Maintain distance from drain pin

* Internal copper layers
M Vertical heat transfer

* M Horizontal heat spreading

Layout #1

a
Outline a
ias
e |2
Heat spreading

copper pad (All layers)

Layout #5

Thermal
v
=>

Layout #2

_________________________

Layout #3

_________________________

Layout #4

___________________________________

Layout #7

Layout #8

——6— 1.6 mm_RPCB

7
~6—16mm_RTIM I —
& A-16mm_RIHS T T
5 —& -1 mm_RPCB Q‘\$ —
2 . . —& -1 mm_RTIM —
o
~ [ A ¢ ===
S5 | A -1 mm_RJHS i~
3
2| R S
1
0
0 1 2 3 ¢ ’

Thermal Vias
Pattern

20.3mm

-
=
=]

Pt

25mil)

i

Number of Cu Layers

ped |ewsayl




) ‘
High Voltage Clearance &2 4. ..C7

\ Air Gap
Insulating @ eeecsssee Clearance

° IPC'2221 Standard Conductors Surface @ =eecceca= Creepage
* Power traces: design for 750V as a 10% FOS
* Challenge: maintain clearance while keeping layout compact and

adding test points
Voltage (DC or AC peak)

* Spent most time on this!
: : . : | Calculate |
* |[terated through layout ideas in design reviews ——

SPACING mm inches

* Sanity check: DFN drain-to-source clearance:  irc22218
: external 3.75 0.1476

internal 0.875 0.034
coated 1.56 0.0614
|PC9552 435 0.1713

| Reset |




Silkscreen

* PCBs are a piece of art!

* White silkscreen + green solder mask
* Best looking and 1 fabricator capabilities
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PC B O rd e r © ayersPCB 1k &

Thickness: 1.6MM Finished Outer Copper: 102
Inner Copper: 10Z Inner layer Residual copper ratio: 50%

¢ 5 b O a rd S frO m PCB Way: Layer Material Thickness  Thickness after

(mm) lamination(mm)
* DFM rules for Altium Loy QUeBEe ggps  00TS

S 1 OO O H TG 1 50 : PP E%i_?f%% 0.1960 0.1785

Inner Copper

M Thermal stability, » CAF =< oz B

resistance, ™ Mechanical core 5, 10800 (oL cuy
strength, etc. Lscu  IMmerCopper g a0

7628 RC46%

e Time constraint: PP Lcare

. Outer Base 0.0175
* 10z Cu: still supports 5A MU copperosoz 291 (prating to 102)
P *Thickness after lamination: 1.49mm, tolerance: £10%
N O a S S e m b l'y *Finished PCB Thickness: 1.59mm, tolerance: +10%

*40% < Inner layer Residual copper ratio < 60%, it is suitable to

h laminati truct ith 50% i I Residual
° 4_layer StaCkup: >3kV gogng;t;mlna|onsrucurBW| % inner layer Residua

58



Soldering

* No access to reflow oven ®
* Not worth using stencil

* Manual through-hole and
SMD soldering

* Challenge: heating large
CpcL and C,, pads
* M Temperature
* M Time
* ™ Flux

60



pin5 piné pin7 pin8

DFN Soldering

Thermal Pad

(s)

G KS S

* Thermal pad + huge heatsink area: o o oz s
* Solder paste + hot air gun + preheater

* Challenge: solder leaking through vias

Hand Soldering/Desoldering GaN s

This slide shows recommended procedures for hand soldering/desoldering.

Hand soldering:

1. Attach a thermocouple close to the device pads for temperature monitoring.

2. Apply solder paste and flux to all the pads on the PCB. Alternatively, the pads can be pre-tinned using
standard solder with solder flux added after pads are tinned.

3. Place the device on the board and align it properly.

4. Preheat the board to about 100-120°C using pre-heating station or hot plate. Apply a small force on
top of the device to hold it down and use hot air gun to blow hot air from the top until the
temperature reaches 260-280°C. Apply heat for 20-30 seconds.

5. Remove the force and heat.

6. Clean excess flux after it has cooled.

Desoldering:

1. Preheat the board to 100-120°C using a pre-heating station or hot plate.
2. Use a hot air gun to blow hot air at 260-280°C. Use tweezer to remove device once it is loose.




Heatsinks

* 55°C phase change TIM

* Hot air gun to heat
* Solidifies and adheres to pad and heatsink

2

Testing on bare aluminum piece

62




Verification

* Digital multimeter and inspection

* Continuity checks:

* Proper connections
* No solder bridges
* TIM isolation

 Diode checks:
e Correct polarity

* Resistance measurements

63
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Bl Library ...

File  Window Help
Q search components

System LS
Assertions
Control
Electrical
Thermal

Magnetic
Mechanical

PLECS RT Box

* Primarily for power electronics simulation and control | s

~ T| C2000 Target
Control Task Trigger

[st]
|\ - | CPU Load

Digital In

* Block-based programming
* C2000 software development kit
* Automatic code generation

A

=
3
[

Ay

- ['h - [ - N
1O @B D

AN

Digital Out

ADC

o e b

DAC

Timer

St b

D | @ | Powerstage Protection
= ‘\ PWM

PWM [Variable)

r'r";; u External Sync

il
~E
.

F!_ﬁ_,ﬁ Cuadrature Encoder b

65



LED Indicators

* Indicate flashing is complete and DSP is running

*bobbbbeb ia

-e
o
X

-

»

5888 288

T
m-— (e

Pulse Blue LED (Digital Out)

Gefr.'te[;'astor gpio: 31
T OutputTy pe: Push-pull
DutyCyde: 0.5 HtpuEiyper Peshpu

I

Pulse e
Generatorl Red LE;}.(B%TI Out)

f: 4
OutputTy pe: Push-pull
DutyCyde: 0.5 UERLE Ty pe: Pshpu

66



Hall Sensor ADC

* Calculate output current

T T
ADC A >VRer | ADCC > ok
Taskp Taskp
VREF (ADC) OK (ADC)
adc: ADC A adc: ADC C HDUTB::+
input: [5] input: [15] VREE _

T
T
ADC B >vouT @ > ~0C
Taskp

~QC (Digital In)

VOUT (ADC) Di
ad:ADCB __ OPOID
input: [4] nputTy pe: High impedance

Gain

Vour = (In X S) + VRer

where

*  Vopuyr is the analog output voltage.
Iy is the isolated input current.
« Sis the sensitivity of the device.
* Vger is the zero current reference output voltage for the device variant.

67




Gate Driver Enable

e Manual enable or tie to ~OC:
* Former is done with switch while DSP is connected

raq; OR —aND
l
‘ Logical Lodi
Dgl.cal . .
- pe
.1 > AND Operator2 gpio: 56
0 Tie Signal? . OutputTy pe: Push-pull
l | Logical
CunstaJ >l Operator4
1
Manual Switch
Constant | NOT M

Logical Logical
Operator3 Operator>

68



(a) sawtooth carrier

PWM Signal H// f/r////s//l/// -

sinusoidal reference sampled reference

* Symmetrical carrier = better harmonics 1 /l
* Complementary output /\ Mﬁﬁ_

* Settable frequency and dead time / WMV \

QT; sinusoidal reference symmetrical sampled reference
®l Block Parameters: DSP Program v2/PWM
PWM (mask) (ink) T
Generate a PWM signal pair.
The carrier starts at 0 and varies between 0 and 1. The PWM output is active when /\/ PWM
the input is greater than the carrier.

Ref (Sine Wave) —» .

Main Output Protection gync Events Offline only Den 4 | Main Output Pro tection Sync Events Offline only Dep Ak} An‘plitude: [] . 4?5
PWM tor(s) [1.. M]: Hode: Bias: 0.5 Sco P
generator(s) [1.. NJ: Complementary outputs | s: U. 22

| (5] |I:| Blanking time variation: _Frequ ency: 60
Carrier type: Disabled | Units: Hertz, degree

Symmetrical (carrier counts up/down) v | Blanking Time [s]:
Carrier frequency [Hz]: |5UE'9| ||:| =
|6EI’3333 ||:| Polarity :
- o Active state is logic '1 «|d

reguency tolerance:

5 H

Round to dosest achievable value ~ | ;;:E::E e c PWM
Phase(s) [pu]: Enable port: COHStantz - .
| [ Hide o' Value: 0.5 S




PWM Verification

KEY R —
SIGHT  InfiniiVision DS0X2024A Digital Storage Oscilloscope 200MHz 2Gsas MEGA(Z)0077:

* Confirm dead time and frequency

50K wfms/:

VRthILi iniiVisi )
- InfiniiVision DS0X2024A Digital Storage Oscilloscope 200 MH; 2Gsa/s MEGA 001

50K wims/s

1.00v/ 4 1.00W 00.0%/ Stop £ 1.86v

1.00V¢ 4 1.00v¢
& , 1.000%/ Stop £ 1.86Y 3
KEYSIGH
TECHNOLOGI% 55%%%{?@’]’51
Acquisition Acquisition
Normal
| 1.006Safs
el P N YV SRS PRSI ||
i Measurements
Rise(): it -50.000ns
= \ ans | 8 B s anas — v v ¢ J\I‘LWF['I‘]“ ‘ Y1[3) - ‘)
& et ] Ui = o 3 | | T
i [ Period(=): : +113.07mV |
5.910_us 1\ Y2(3): J
: ACRMS - FS[5: | +2.89196V |
| 1.1636V | AY: J
Freq(3): J +2.77900V
199.60kHz | -
Cursors Menu ~ (XT: 531.700000us |
; WHIX2 Sares Cursors Units : |
Clear Meas i Wr\'AngE X1 S?urca X ?u O Y1 - X2: 531.650000us

Measurement Menu '
Source Q Type Add Settings
4 Freq Measurement 3 el
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Validation Objectives

1.
2.

3.
4.
5.

Open loop

Gate driving:
* DriverIC

* Bootstrapper
* Level-shifter

Modulation (constant duty, SPWM, dead time)
Oscillations and spikes
Filter and output

72



Testing Strategy

1. Connect DSP (orange LED 1)
2. Flashfirmware (startat vV, ., ¥fo» ™ gead)
3. Power gate driver (orange LED 2) and DC bus
4. Enable gate driver (green LED)

5. Disable gate driver

6. Change parameters and re-flash

7

. Repeat 4-6




Equipment and Probing

* Digital oscilloscope

* |solated power supplies:
* <10kW for HV bus
* <30V for gate driver and LV bus

* High signal-bandwidth probes:

* Differential voltage

V
e Current clamp Vgs’lo"v
gs, high
* Thermal camera V

SW

N

oad

—
—
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1 500/ 0004/ BE5.0% 2.000%/ 1.70%

stop

Test #1: Gating
e
* Gate driver and level-shifting | - | uo
+ No load, 200kHz, 50ns DT R
 Undetectable Miller plateau 1 .

L A T Thu
BE5.0 B0.00s/ 1 Booy 2 FE5. 02 50.00%/

Stop 1,704

T I i I KEYSIGHT
] | | | TECHMOLGGIES
i I i I Acquisition
i I i I Maormal
{ I : I 2 N0GSals
| | i |
: | : | Channels
P | i T i Y

R . | i [ oc 20.0:1
] | ] | i 2.00:1
1 | ! |
- ; -

________________________ _E_________:l______________________ ------------------------------------------------:r--- ----_:t---------------------------------- i Cursors

{ i * B T i B e M I A
i I : I +50.000ns =2
] | | | Y0y
i } i } -3.2538Y
| | i | Y 2(4): A
: | : | -4 231V
; | ! ! AY. !
i | | | -1.3700V

Cursors kMenu
1 Source K Source +3 Cursors Wade X1 Source e Source <3 Cursors Units X1 B64.99854ms
K1 W2 Track K12 -5 .99839ms



Test #2: Switch Node

D50-x 20244, MYEE104307: Thu Aug 23 07:35:26 2024

* 10V bus, no load . L0V S0 V000

Units
~P-

76




Test #2: Switch Node

e 7 Th / ); ' TYEE104307: Thu Au f
5004/ BE5.02 100.0%/ stop 231 1 boow 2 BG5.02 100.0%/ Stop 231

rsors Menu
Iade *1 Source 2 Source 4+ [Lursors Units
Track L ~i-

KEYSIGHT I KEYSIGH"
TECHMNOLOGIES | TECHNOLOGIE
Brquisition I Arquisition
Mormal I Mormal
1.00G5ads I 1.00G5ads
|
; Channels B I B Channels
OC 20.0:1 R e e B e BEREEE— 0oc 20.0
oC 2.00:1 I OC 2.00
|
1 |
|
i Cursors s (0 L __________________________________________________________ Cursaors
AN AN
+50.000ns +50.000,
VALY Y1)
+578. 4mi -4 0201
Y2[4): Y2[4):
-4 8493y +0 4271
AY: AY:
-5 5275Y +3 447F

X1 BB4.554B82ms
#2: B664.99487ms

Cursors Menu
Maode
Track

4+ [Lursors

%1 BB4.33750ms
#2: B664.99738ms




248, MYEE104307 Fri dug 30 07-25:40 2024
o.00vws 2 G5 .0z 0.000s/ stop 7 72

i | EER,
Forgot to decrease DSP + Boquisition
High Res
Te St #3 . S PWM dlscret|zat|op step S|ze A
o : |
IR R 1 o — T:,ww """"""""" TR
( = o | L] " OC ;
.L... .I\" ‘If- i Il‘ﬂ I i JN-
| ) i | I | ’V“
" I | - M | +a 1000000
° . 1 ! I,I"" | .l | .

* Gate driver hotter than switches | " R i Y

! Y[
i . +579

i } AY
| | -18.3

Cursors Menu
Maode #1 Source X2 Source 4+ Cursors Units #1: BRZ2.80000
Track L R %2 : - X2 57030000
NI nax 29.8 °C '

¥

* Qman

[ Jms

Pp, = (VDDI)(IDDI) + 2(IDDx)(VDDXx) + (/)(Q¢) % [f 0 (vDDx]—““ 2/ Cy\7VDDX2

R+ Rg 21.1



Test #4: Stress Test = el

* Constant duty cycle (sync. buck)
* Trial #1: 600V 3A 100kHz 150ns DT
» Trial #2: 700V 2A 100kHz 150ns DT I

* Failure analysis:
e ~40 °C, .. notthermal
* Open-circuit, .. voltage breakdown
* Voltage spikes from parasitic inductances

79
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Improvements

* Further mitigate parasitic inductances
* Explore different layouts (more compact and fewer vias)
* Design snubber experimentally

* Silkscreen border around components
* Prevent soldering mistakes

* Explore TIM alternatives
* Avoid phase change at 55 °C
* Heatsink spring clips

* Probe LS gate with short ground clip
Lo . . /to probe ground sleeve
* Minimize probe loop inductance s
. . . P N \
* Mitigate any influence on system performance Mikcizerdocss. \ |

Probe pads close to device under test

~ Donotuse probe
ground lead

Use ground clip attached

Place probe tip
on probe pad




Outcome and Achievements

* GaN synchronous buck converter
* Excellent gate driving at 100 kHz

e Learned a lot!

* End-to-end ownership, making decisions,
design review communication,
collaboration, design iteration

* Completed exploration in half the
planned time
« 8 mo. 2 4 mo.
* Got most things working first try




Next Steps

1. Negative current testing
* |dea #1: Operate as boost (risky!)
* |dea #2: Full-bridge (gating sync!)
* |dea #3: Center tap (capacitor ratings!)
* Idea #4: Negative V

Efficiency analysis (power analyzer)
Closed-loop control

Three phase inverter (with better layout)
PCB-stator PMSM test

Ok~ Db

0

E

2] 5

'sj \ X :

H ' ' H
% = +

CA

Veantrol, B

i 28

2
3

[amcee

83
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