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Motivation
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Synchronous Motors (SM)

ÅPermanent magnet rotor Ą PMSMs
ÅSynchronous with stator magnetic field
ÅConstant speed regardless of load

ÅTraditionally radial-flux
ÅIndustrial applications
ÅPumps, fans, etc.
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Variable Frequency Drive (VFD)

ÅSpeed control Ą match energy demand
ÅAC (480VAC grid) Ą DC (679VDC) Ą AC (motor)
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PCB-Stator PMSMs

ÅAxial flux
ÅәШEŉŉŔĦŔĲŰĦǃ
ÅәШÂŸƽĲƖШ?ĲŰƚŔƣǃ
ÅӝШ~ċŰƨŉċĦƣƨƖŔŰŊШ9Ÿƚƣ
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PCB-Stator

ÅLow stator inductance!
Å10s of ͓ H

ÅVFD switching frequency vs. filter size/weight/cost

IGBT: <20kHz max

ӟӟӟ



WBG Semiconductors

ÅSiCаШΝΜΜƚШŸŉШťcǍШыәәШƻŸũƣċŊĲь
ÅGaNаШƨƓШƣŸШ~cǍгШыәәШĲŉŉŔĦŔĲŰĦǃь
ÅHigh frequency, voltage, temperature applications
ÅÅĲĦĲŰƣũǃЯШ]ċ ШŔƚШƚőŸƽŔŰŊШәәV ċŰĬШӝ$ Ą use in VFDs!



Project Objectives

ÅFirst step towards GaN-VFD for PCB-stator PMSMs
Å2-year plan at LAPCSA

ÅSynchronous buck using new ultra high-voltage GaN switches
ÅOpen-loop SPWM (unidirectional half-bridge)
Å679V
Å3A
Å200kHz

ÅLearn about GaN layout and driving techniques
ÅEnd-to-end ownership
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Switch Selection
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GaN Benefits

ÅӝШRds,on Ą ӝШPcond

ÅӝШ9ċƓċĦŔƣċŰĦĲƚШĄ ӝШPsw
ÅәШÉƽŔƣĦőŔŰŊШƚƓĲĲĬШċŰĬШfsw,max

ÅEffective body diode with Qrr = 0
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GaN Challenges

ÅәШdi/dt
ÅEMI generation
ÅParasitic inductance voltage 

spikes and ringing

ÅәШdv/dt
ÅEMI generation
ÅParasitic capacitance leakage 

currents
ÅGate mis-ƣƖŔŊŊĲƖŔŰŊШыӝШVth )

ÅSchottky gate Ą ӝШVgs margin
ÅAnd more!
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Miller Plateau

ÅCgd charging interrupts Cgs charging
ÅәШPsw

ÅәШIg:
ÅӝШ~ŔũũĲƖШƣŔůĲ
ÅәШE~f
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Market Study

ÅMostly 650V devices... (<679V×FOS)
ÅTwo suppliers of 900/1200V GaN
ÅEnhancement Mode:  IGaNPower
ÅNominally off: Vth > 0

ÅDepletion Mode:  Transphorm
ÅNominally on: Vth < 0
ÅTechniques for nominally off:



D-Mode Cascode

ÅMore robust
ÅÂċƖƣũǃШŉƖŸůШәШVth

ÅLow-voltage series Si MOSFET:
ÅәШRds,on Ą әШPcond

ÅQrr > 0 
ÅәШ9ċƓċĦŔƣċŰĦĲƚШĄ әШPsw
ÅӝШÉƽŔƣĦőŔŰŊШƚƓĲĲĬШċŰĬШfsw,max
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Technology Comparison

ÅHypothesis: eGaN > dGaN > SiC
ÅSpeed and losses

ÅCompare devices with similar BVDSS, package (layout and 
cooling), junction size:
ÅIds,max = ~30 A
ÅRds,on = ~50 m̡
ÅTmax = ~150 °C

ÅSimulate in LTspice
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Comparative Simulation

ÅInvestigate hard-switching
ÅIdeal half-bridge, LC filter, R load
ÅIdeal driving, SPWM
ÅVgs,op [V] and Rg я̡ѐШŉƖŸůШ

datasheet/application notes

ÅEfficiency results:
ÅeGaN: ~99%
ÅdGaN: ~96%
ÅSiC: ~98%
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Switch Selection

Å1200V 30A IGaNPower ŸƨƣШŸŉШƚƣŸĦťв
ÅTry 900V 10A:
ÅWill get similar learning experience

ÅGPI90010DF88:
Å?[ ΥǂΥШƓċĦťċŊĲШыӝШLlead)
ÅBVDSS = 900 V
ÅIds,max = 10 A
ÅRds,on = 120 m̡
ÅBottom-cooled
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Circuit Design
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Microcontroller

ÅTI F28379D LaunchPad (C2000):
ÅIsolated USB
Å3.3 V
Å12/16-bit ADCs
ÅHigh resolution PWM:
ÅComplementary channels
ÅDead time support
Å100 MHz resolution
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Gate Resistors

ÅControl Cgs (dis)charging
ÅRoff < Ron
ÅGuarantee turn-off before turn-on of other side (avoid shoot-through)
ÅӝШ~ŔũũĲƖШƣƨƖŰ-on

ÅTrade-ŸŉŉƚШƽŔƣőШәШR:
ÅÂƖŸƚаШӝШE~fШċŰĬШƖŔŰŊŔŰŊЯШӝШ]ċƣĲШĬƖŔƻĲƖШƓŸƽĲƖ
Å9ŸŰƚаШӝШÉƽŔƣĦőŔŰŊШƚƓĲĲĬШċŰĬШәШ~ŔũũĲƖШƓũċƣĲċƨШĄ ә Psw

ÅOptimized in simulation
ÅDifficult to calculate analytically
ÅExpect on the order of 5-30̡
ÅWant slight underdamping
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Negative-Voltage Turn-Off

ÅPros:
ÅәШ ŸŔƚĲШŔůůƨŰŔƣǃ
ÅÅĲĦċũũШӝШVth

ÅӝШÉƽŔƣĦőŔŰŊ-off loss

ÅCons:
ÅәШ?ĲċĬ-time loss
ÅDifficult implementation

ÅPros + other GaN benefits outweigh cons
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Level-Shifting

Å]ċƣĲШĬƖŔƻĲƖƚШŸƨƣƓƨƣШӂΜéвШ9ũċůƓШƽŔƣőШüĲŰĲƖШĬŔŸĬĲƚг
ÅCheaper and simpler than digital isolator + non-isolated driver
ÅRecommended by IGaNPower, GaNSystems, and Nexperia

24



Miller Clamp

ÅStabilize turn-on voltage Ą ӝШ§ƻĲƖĬƖŔƻŔŰŊШƖŔƚť
ÅMitigate parasitic Miller turn-ŸŰШŉƖŸůШәШdv/dt
ÅCgd tries to pull up Vgs

ÅZener diodes act as passive Miller clamp
ÅLow impedance path for Cgd
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Dead-Time

ÅPrevent shoot-through
ÅxŔůŔƣĲĬШĤǃШ?ÉÂќƚШÂì~ШƖĲƚŸũƨƣŔŸŰаШΝΜΜ~cǍШĄ 10ns
ÅRule of thumb: 1% of Tsw
Å0.01/200k = 50ns

ÅTesting at <5A:
ÅLow Vbus: ~50ns
ÅNominal Vbus: ~200ns
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Gate Driver

ÅSilicon Labs Si8273:
ÅRecommended by many GaN suppliers
ÅHigh CMTI (200 kV/µs)
ÅIsolation (semiconductor-based)
ÅHalf-bridge driver Ą easy implementation
Å<1500 V bus
ÅOverlap protection

ÅSi8274: hard to change DT
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Bootstrapping

ÅFloating high-side source!
ÅDB:
ÅMinimize recovery time
ÅReverse-block full bus voltage

ÅCB: Design for ripple (avoid UVLO) and refresh time
ÅRB: Design to minimize inrush current on startup
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RC Snubber

ÅCheap, simple, popular
ÅProtect against voltage transients:
ÅӝШÉƓŔťĲƚШċŰĬШŸƚĦŔũũċƣŔŸŰƚ
ÅәШxŔŉĲƚƓċŰШċŰĬШӝШE~f

ÅCsn > Coss: low impedance path
ÅRsn: additional damping and 

dissipate power externally
ÅDesign process:
ÅRefer to application notes
ÅOptimize in simulation
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LC Filter

ÅSecond order
ÅLossless
ÅSPWM:
ÅFundamental at 60Hz
ÅHarmonics around multiples of 200kHz

Å1mH and 0.7µF Ą ~6000 Hz cutoff
Å~10% max inductor current ripple
ÅBalance inductor size/$ and core losses
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Current Sensing

ÅSimple current sensing for open-loop monitoring
ÅTI TMCS1123:
ÅHall effect sensor
Å250kHz signal bandwidth
ÅHigh current:
ÅPositive and negative

31

Maximize sensitivity (maximize ADC resolution 
utilization) while measuring up to Ids,max
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Simulations
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Convergence

ÅChallenge: Slow simulation speed!
ÅComplex gate driver and GaN models

ÅSolution:
ÅTrade-off accuracy for time
ÅTry different solvers
ÅAnalyze over a single cycle
ÅAdd series resistors to voltage sources 
Ą modelled as current sources
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SPWM

Åf1 = 60 Hz
Åfsw ӇШΞΜΜШťcǍ
Åmf = fsw /f1 = 3333
ÅAvoid non-integer value (especially for 

AC motors) Ą no subharmonics of f1
ÅOdd integer: odd and half-wave 

symmetries Ą no even harmonics

Åma = Vref/Vtri = 0.95
ÅAvoid overmodulation (>1.0), o/w 

difficult to filter harmonics
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Gate Driving

ÅIdeal PWM input with DT
ÅĄ Gate driver model
ÅĄ Level-shifting circuit
ÅMake use of variables
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Gating Dynamics

ÅLevel-shifting:
ÅAs desired

ÅGate resistances:
ÅUnderdamping

ÅMiller plateau:
ÅAs desired

ÅGround bounce:
ÅMinimal
ÅBelow Vth
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Switching Node

ÅModelled trace inductances
ÅIterative process with PCB layout
ÅWorst case ~10 nH

ÅDamped ringing with snubbers
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Harmonics Analysis

ÅClean inductor current ripple
ÅFFT shows proper filtering
ÅEven harmonics suppressed too
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Current Analysis

ÅICB initial spike limited by RB

ÅExtract average and peak currents for PCB trace width design
ÅExtract resistor powers for sizing
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Power Analysis

ÅEfficiency = 99.2%
Å>10W per switch
ÅMostly Psw (Rds,on = 120 m̡ )
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Thermal Analysis

ÅNo thermal model provided L
ÅIterative process with PCB layout
ÅThermal vias, heatsink and TIM selection

ÅDesign for 15W, TA = 30°C as a FOS
ÅTjmax = 150 °C
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Heatsink and TIM Selection

ÅMetal-based PCB?
ÅӝӝШR͏ JHS ĤƨƣШәәҘ

ÅHi-Flow THF 1600P:
ÅThermally conductive, 

electrically isolated
Å0.102 mm thickness
Å1.6 W/mẗK
ÅNon-liquid

ÅHeatsink:
ÅBlack (for thermal camera)
ÅPCB layout ᵮ HS size
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PCB Design
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Layer Stack

ÅOperating frequency in the kHz Ą ĬŸŰќƣШƽŸƖƖǃШċĤŸƨƣШimpedance 
and length matching
Å4 layers:
ÅTop
ÅPWR
ÅGND
ÅBottom

ÅBenefits:
ÅSimplify routing
ÅIncrease density
ÅAcceptable cost
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Components

ÅCreated schematic and footprint libraries:
ÅConsistency
ÅGate driver: IPC compliant footprint wizard
ÅGaN DFN: manual footprint creation
ÅUse datasheets for dimensions

ÅBOM: given approved supplier list
ÅQuality control
ÅLeverage partnerships
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