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» Impact of Switching Loss

» Electric Measurement
» Accurate Calorimetric Method

» Conclusion - OQutlook
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Impact of

Switching Loss Bridge Leg

Soft-Switching Operation
Impact on Efficiency and Volume
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) Switching Loss — Bridge Leg

Dual Active Bridg

» > 1 Bridge Leg per Switching Power Converter
» Switching > Loss, Volume, Cost, ...
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Switching Loss — Reduction

» Soft Zero Voltage Switching Operation (ZVS)

“...the load current has the direction of the anti-parallel diode of the turning on MOSFET...”
“...E . is exchanged between the load and the converter every switching cycle...”

eeekgs

» Example
Inductor Current
Switched Voltage
DC, o
BT ST
c, L -

ek

DC o
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Voltage (V)
- 83588

80)
(=]

W

12.5
1-2.5

Time (ps)

-

Current (A)
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Switching Loss — Reduction

» Soft Zero Voltage Switching Operation (ZVS)
“...the load current has the direction of the anti-parallel diode of the turning on MOSFET...”

“...E, is exchanged between the load and the converter every switching cycle...” ?
» Example s
Inductor Current
Switched Voltage
DC, o
~ Gy s
s i )
go 200} 12.5 §
C = S 100f \ \’ / 125 3
of » -5
00 0.2 04 06 08 10 12 14 16 18 2.0
Time (ps)
DC o
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Switching Loss — Reduction

» Soft Zero Voltage Switching Operation (ZVS)
“...the load current has the direction of the anti-parallel diode of the turning on MOSFET...”

“...E, is exchanged between the load and the converter every switching cycle...”
» Example “‘! -
Inductor Current
Switched Voltage
DC, o
~ Loy 5 -~
Z 0 i N
c go 200 12.5 §
P S 100¢ \ \’/ 125 3
Ot -5
0.0 0.2 04 06 08 10 12 14 16 18 2.0
Time (us)
DC o

» 90% Switching Loss Reduction compared to Hard-Switching
» Enough?
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-l Laboratory
Soft-Switching Loss — Impact

» The Google Little Box Challenge

Build the 2kW Inverter with the Highest Power Density in the World

» Bridge Leg

30% Losses 22.3W 96.3% @ 2kW

22% Volume 53cm3 8.2kW/cm?3

» Losses Pie » Volume Pie

Capacitor
Capacit()‘ }dOSFETs Inductor " Cooh'ng
Electronics — Electronics = §
24 Output Fllter
Output Filter Inductor MOSFETS o thers Housmg
Total Losses: 74.4W Total Volume: 240.4cm?
ETHzurich
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Electric

Measurement Double Pulse Test Method

Hard vs. Soft-Switching
Accuracy - Source of Error
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Electric Measurement

» Double Pulse Test (DPT)
Bridge Leg with Inductive Load

1152

s

» Hard-Switching

2 <
S o}
2 -10

200
z
§100 Eoe E,,
(@]
Ay
0 | | ALiad
0 025 05 075 1 125 1.5 1.75 2 225 25
Time [us]
p— 2]

Switched Voltage

Switched Current
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Electric Measurement

» Double Pulse Test (DPT) » Hard-Switching
Bridge Leg with Inductive Load —
2 <
C » < =
= Sy g
= ¢}
al(=
SCIS il |
C2 + o 200
2Lt sl \g s
5 100} Eofe Eon
2
~ 0 "
Hard Turn-0n Transition N N I I R
0 025 05 075 1 125 15 175 2 225 2.5
Time [us]

Switched Voltage

Switched Current
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Electric Measurement

» Double Pulse Test (DPT) » Hard-Switching
Bridge Leg with Inductive Load 8
6 Ugy
= ] @]
2 .10
200
2
5 100f Lo Eq
3
g 0 2 0 A""
Hard Turn-On Transition L N N N I
0 025 05 075 1 125 1.5 1.75 2 225 25
Time [us]
Switched Voltage

Inductor Current
Switched Current
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Electric Measurement

» Double Pulse Test (DPT) » Hard-Switching
Bridge Leg with Inductive Load 8———
> “Ig) =)
C o 4, =
:1::r S;J gn g
S &}
(S | 2
c I32
2 +
2 Sl k| & 200
- J: l: g
5 100}
3
=
Hard Turn-On Transition Q N AN AR S N R SN
0 025 05 075 1 125 1.5 175 2 225 25

Time [us]

Switched Voltage

Switched Current
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Electric Measurement

» Double Pulse Test (DPT) » Hard-Switching
Bridge Leg with Inductive Load o
2 <
C » < =
= Sy g
> Q
SCI S ) |
c )
sy g
=
5 100 Eoe E,,
2
=N
0 | Yo
0 025 05 075 1 125 1.5 1.75 2 225 25
» Energy Losses Time [us]

E..=E, + where E_ A >>
tot ~ “o 0 Switched Voltage

Switched Current
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Electric Measurement - Overview

» Double Pulse Test (DPT) » Hard-Switching - Accuracy
Bridge Leg with Inductive Load
105%
8 T — - - 40
6 usz]m*‘A¥ / 130 100% > DPT
2 4 s 20 95%
% ‘V/’“-—mm g Cl + 4
£ 2 ,{ 10§ . —_ S;J.':j
a WA . .
S 8 <=> b—ll‘—-—u
2 : —10 %ﬂ b\ Ly i
CZ + 1 I
20 E = ngzjléa
=) _
gl Egx —fL E e
g \ ‘
= 0 A\
0 025 05 075 1 125 1.5 175 2 225 25 95% 100% 105%
Time [us] Eog Eos Bt
Meas.
» Energy Losses % 0 % Emor
Eyur 00 >0
Etot = Eon
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Electric Measurement - Overview

» Double Pulse Test (DPT) » Hard-Switching - Accuracy
Bridge Leg with Inductive Load

105%

8 T — - - 40
6 Ugy 7~‘A¥ / 130 100% > D PT
5 iy < 95%
& 4 20 = o
Eﬂ 2 / Mm CZI 3 S;J":j
ﬁ TR S
1} b \ 0 8@ iL
2 . .o S\ L

I

sy

Ugy

rel. Switching Losses

Power [kW]

200
10— B ‘Eon
0 /\

0 02505075 1 125 15 175 2 225 25

Time [us]
» Energy Losses % 5% Ermor
Eons >0 Worst Case +5% and
rot = Fon * > #5% of E,,, D
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Electric Measurement - Overview

» Double Pulse Test (DPT) » Soft-Switching - Accuracy
Bridge Leg with Inductive Load - — AE=0
Esw ~2xEgw ./

— 8 | '
PN
2 0 S2 L
<

4
E 100% 105% 95%
o -8 Eo Eoe Eofe
- 30 : :
2 13 A_Eufr
2o

EDI‘I
-15- "
L Meas.
33 4 s 6 7 & ¢ 10 0% 0% +5% 5% 5% +5% Error

Time [ps]

» Energy Losses
Eon < 0
>0

Eiot = -|Eon| +

IE, | = 90%

onl -
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Electric Measurement - Overview

» Double Pulse Test (DPT) » Soft-Switching - Accuracy
Bridge Leg with Inductive Load - — AE=0
Egw ~2xEsw
. =
;‘ ) lga iL
Z:'
4
E 100% 105% 95%
o8 Eoge Eoge Eop
— 30 " "
2 13 A_Eufr
2o
Ey
-15 "
L Meas.
3 4 5 6 7 ®& 900 % 0% 5% 5% % +5% Error
Time [ps]
» Energy Losses Worst Case 1: -5% and
- +100% of E 2x Losses
Fon <0 E,.| = 90% bof B @D
>0

Worst Case 2: +5% and
- -100% of E,, & No Losses

Etot = 'lEonl +
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Electric Measurement - Error

» Oscillation » Voltage - Current Probes Skew

Boundaries of Power Integration E.,: £40% - 2ns Skew
Etot 194070/0 = Eoff 112.70/0 10 T T T T T T T T T T T T 20
8 T T 16 - = —
T 14 Z 0=
6 . 52 112 8 , g
55 52 110 < ;‘ Is2 sk 0 &
'%‘ 4 {18 T iss
g3 16 E
S 5 14 S o ] S S S S S S S -10
; 12 ) . o ——— — T T 5
0 /\/\/\,V\A/VVVM—“‘—‘— 0 o o'r- Es;ak Eg,
k . . . ) ] S Noro, | 25
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35t » Ewn - {35 g 0 YK 0 &
3¢ = 13 £ lng :qg oy Esp &
25 | 125 =25 ‘.-: v -2.5
%2" B E % % 4
g IS¢ 113 & 0 01 02 03 04 05 06070 01 02 03 04 05 06 07
A~ 10 F 11 = Time [ps] Time [ps]
5t 10.5
0 Ea WVV\/\/\N\W 0
-5-200 -l(I)O 0 l(l)O 2(I]0 3(I)0 4(I)0 500 05 > Ot h e rs
Time [ns]
e Current and Voltage Offset
e Current and Volta?‘e Amplitude
* Limited Bandwidt
[ ]

Ultra-Fast Switching (SiC, GaN)
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» Oscillation

Voltage [kV]
D = N W D L O oo

wowa
S ko A~

25t

Boundaries of Power Integration

Electric Measurement - Error

Erpe £94.7% - E ¢ +12.7%

Time [ns]

» Accurate Calorimetric
Method for Ultra-Fast
Semiconductors

ETH:zurich
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» Voltage - Current Probes Skew

E.ot £40% - 2ns Skew
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» Others

Current and Voltage Offset
Current and Volta%e Amplitude
Limited Bandwidt

Ultra-Fast Switching (SiC, GaN)
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Accurate

Calorimetric Method Air Flow Temﬁerature Drop
Inductor in the Box

Bridge Leg in the Box
Precise Conduction Loss Estimation
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Accurate

Calorimetric Method Air Flow Temperature Drop
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Air Flow Temperature Drop

» Improved DPT Method » Full-Bridge Configuration
‘ Hard and Soft-Switching Operation
24 Turn-On  Turn-Off i
Isw_é q'( ) r L T !
S N N R N iR b
ty ty t3 by t ’ L i
1y, | VDCCt Cpo == DUT . -

- —
Lo . RIS BIES,
"I’" 3.T1 L / " i
L — —_ — . —
i / t ty ty t, i t
L ZVS Turn-On

| - | » Thermally Isolated DUT

T

s air,out

Meters
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Air Flow Temperature Drop

» Loss Measurement

Pioss = K1 (Ths = Tairin) Thermal Resistance
Ploss = I(2 (Tair,out = Tair,in) Temperature DrOp
Pioss = K3 (Tair out = Tairin) V Air Enthalpy Increase

I:’loss =P

semi,th = cond + Psw

» Measurement Setup A How

Meters s

DC Link
. *=_ Capacitors

Gate Driver

ZYNQ Gate Driver Aux. Power S \ 4 N Board
SoC Signals Input : -3 -5 5 ' Inductor
‘ ol il s~ Outputs
AFM -
g Inputs

DC Power §
Optical Power Board
Ethernet
DAQ & Control
Analog (NTC) Fans  Thermocouple Board
Inputs Inputs
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Air Flow Temperature Drop

» Thermal Model » Air Flow Model

p,afm,0
| —
| S|
IR p,afm,1
Yth,hs,v 1
S ’
/)l‘l-”‘“ £, ]')m,mm_v patin2
B l_
Ik, hs
SS C . /‘/
. Ths th,duct ),1k,hs p,lk,afn
: = () —
th,j-c,c Rth,c-hs,c Rth,hs — T -
P P amb
1k,lead | — meas
7 Cth,hs i >V;>u1
th,lead,v 1]
L I V p,lk,afm

Air Flow
Meters

T, T

air,out

FLPE
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Accurate

Calorimetric Method
Inductor in the Box
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Inductor in the Box

» Continuous TCM Operation

Soft-Switching Bridge Leg Peemi
Output Inductor Pind,th
DC-Source P,
Pin = Pinda.th = Psemi
» Thermal Measurement
I:’ind,th = Rth,box(Tbox - Tamb)

amb box

| L]

AV L

600V 65mQ difinen GaN

Isolating Box

. .
Ifan

Gate Drives

Fan

Inductor
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Inductor in the Box

» Continuous TCM Operation

Soft-Switching Bridge Leg Peemi
Output Inductor Pind.th
DC-Source P..
Pin = Pind,th = Psemi

» Thermal Measurement

I:’ind,th = Rth,box (Tbox - Tamb)

AV L

600V 65mQ dfinen GaN

. .
Ifan

Gate Drives

Fan

Inductor
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Accurate
Calorimetric Method

Bridge Leg in the Box
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Bridge Leg in the Box

» Continuous TCM Operation

Soft-Switching Bridge Leg Psemi th
OutputInductor Pind
DC-Seurce Pin

Psemi,th = Psw + I:’cond

» Thermal Measurement

Poemith = Rin,box (Toox = Tamb)

ETH zirich FLPE —
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Bridge Leg in the Box —

» Continuous TCM Operation » Low-Voltage Setup
Soft-Switching Bridge Leg Psemi.th Isolation Box
Output Inducter P, , bC, § L
DC-Seurce P, T, :3 c L
P — P + P 'XZ_Z'_ZZ'_'_'_Z'_'_'_'_'_'_ R, '_: { iL
semi,th swW cond g c, l |
& L
@ T.
g 2 Ve C, ==
» Measured Waveform © DA :'.'.'.:‘.'.'.:....E.E
DC_ T I
400
s 300 5 2 &
g, 200 25 ¢ > IMS
2 255
> 102_ _25 © Insulated
| A O T I Metal
00 02 04 06 08 10 12 14 16 18 20 Substrate

Time (us)
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Bridge Leg in the Box

» Continuous TCM Operation » Low-Voltage Setup
Soft-Switching Bridge Leg Psemi.th

Quiput-Inductor Pind

DC-Seurce P.

n

Psemi,th = Psw + I:’cond

» Measured Waveform

7~~~ 3 N 5 ~~
2 <
2?2 N > IMS
5 2.5 5
> S Insulated
1 1 1 1 1 1 1 1 1 Metal
00 02 04 06 08 10 12 14 16 18 20
Time (us) Substrate
ETH zurich
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Bridge Leg in the Box

» Thermal System Analysis » Low-Voltage Setup
IMS Board + Heat-Sink + Box |

Rth,j—c Rth,c—hs
— 1

1st Hypothesis: Symmetry

. 2Rthd-c T, /2Rth,chs Ths Rthhsa
o | 1

e P e ] O

2" Hypothesis: Slowest Time Constant » IMS
7. Ripss Insulated
— Metal
Substrate

| IS |
2-P loss $ =1 Lih,hs @l Tamb

ETH zirich FLPE —
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Bridge Leg in the Box

» Thermal System Calibration
Simplified: Slowest Time Constant

R
T, th,hs-a
hs

2.p loss @ —— Cth,hs @l Tamb
» Transient vs. Steady-State
90 .

~

o0
(=]
T

Steady State
10t

Power

Temperature (°C)
o
S

Linear Transient

0 10 20 30 40 50
Time (min)

ETH zirich FLPE —




35/52 —

S1CIT Power Electronic Systems
I'— Laboratory

Bridge Leg in the Box

» Thermal System Calibration
Simplified: Slowest Time Constant

Th Rth,hs-a
S

_l
2'PIOSS® — Cth,hs @l Tam

» Transient vs. Steady-State

90

o0
(=]
T

Steady State
10t

/
N

Power

Temperature (°C)
o
S

Linear Transient

0 10 20 30
Time (min)

FLFE —



36/52 —

S1CIT Power Electronic Systems
I — Laboratory

Bridge Leg in the Box

» Thermal System Calibration » DC-Calibration Setup
Simplified: Slowest Time Constant Isolation Box
Ths Rth,hs-a l
| IS | RDS,on(T)
2.P =C l T, P
10SS® e @ o @ N Ve CP T Rypcp(T)
ical ' RDS,on(T)
» Transient vs. Steady-State Y T
90 : “
~ 801 / | 2 0w 10w 5W 3W |
O Steady State ~ / ’
< 70} NGO 1 2 ]
2 60} - el
g Power g 36|
£ 50 : & 34| v—
= 40 Linear Transient | & zﬁ . Siﬁlajll;rtz d
0 10 20 30 40 50 0 100 200 300 400 500 600 700 800
Time (min) Time (s)
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Bridge Leg in the Box

» Soft-Switching Loss Measurement
=60mQ 600V/650V/900V GaN, SiC and Si MOSFETs

16

V. =200V

S 14}

—Si
glz-

—
(=]

8

Soft-Switching Ene:

6
41
2
0

| --- GaN 650V, 50mQ
—GaN 600V, 65mQ

—SiC 900V, 65mQ
650V, 60mQ

2 4 6 8 10 12 14 16 18 20 22
Switched Current (A)

37/52

E.,, per Switch and per Switching Period

» Sivs.SiC-

* Gate-Driver and Resistance
* Parasitic Capacitance
*  Power-Loop Inductance

ETH:zurich

iy V. =300V g V. = 400V
S 14} —SiC 900V, 65mQ S 14} —SiC 900V, 65mQ
@ 121 —Si 650V, 60mQ @ 12l —Si 650V, 60mQ
& 10~ GaN 650V, S0mQ g 101~ GaN 650V, 50mQ
‘fn —GaN 600V, 65mQ an —GaN 600V, 65mQ
._g 8t E 8t
= 2
2 °l 20
& 4} & 4t
o o
@ Hf PN =
0 1 L 1 L 1 L L 1 L 0 . 1 1 1 1 M 1 1 M
2 4 6 8 10 12 14 16 18 20 22 2 4 6 8 10 12 14 16 18 20 22
Switched Current (A) Switched Current (A)
Type/Vendor  Vasmax Rason  Qguot Cosss  Package
GaN GIT 600V 65mQ - 100 pF ThinPAK8x8
--- GaN E-HEMT 650V 50mQ 58nC 65pF GaNPX™
— SiC MOSFET 900V 65mQ 304nC 80pF 7LD2PAK
---- SiC MOSFET 650V 60mQ 58.0nC 50pF D2PAK
Si MOSFET 600V 65mQ 68.0nC 54pF ThinPAK8x8

*400 V drain-source voltage

JF-LFE
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Bridge Leg in the Box

» Medium-Voltage Setup

DC - Mid DC+ Gate Drive Unit

/ ':

Brass blocks Brass block with
(for passive cooling) thermal insulation
30A 10KV SiC MOSFET

[2]

10kV SiC
C:1:+ ]§Ul”£ e MOSF]%T
— 1 :3 \ ]
-y Crp
L, \ =
C, T'mb

10KV SIC
MOSEET CoPack

1BS-

47 mm

ETH:zurich
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Accurate
Calorimetric Method

Precise Conduction Loss Subtraction
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Conduction Loss - Accuracy

» Conduction Loss Subtraction

Psemi - I:’cond = Psw 15 Hard-Switching 100 Soft-Switching
Sratio = Psw/Ploss X 90 90 |
9 i |
z ol —e— 600V 50
70 H—2— 12188 ¥ 70
e.g. @ 70A 600V
gs @ 38.7% ( D)C o0 0 20 40 60 80 vl 0 20 40 60 80
ratio - 29+/ /0 (@
> 70% > 609
P., +38.5% ° 60%
E’y ’ JPloss,m E’y ' loloss,m
Sratio = 81.00/0 (b) - - st.max ) lew
(1) 7 Esw.max
Psw $13.3% Bl - b | [RExY
Cowmax * Lsw
, 1€ wor s Psw
- . - - [38.5 % B | B |} 100 %
.Max.l m.lze Srat.llo o P cond P, cond Econd <P, cond )
in each operating point P |l100 %
(a) (l’)) Pcond Pcond

ETH zirich FLPE —
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» Accurate Calorimetric Method

* Air Flow Temperature Drop

* Inductor in the Box
* Bridge Leg in the Box

> Pcond = Rds,on Isw2

Rds,on = |"ds,on (t' T' lsw' fsw)

» Ry on Evaluation

Datasheet Curve
DC-Calibration
3rd Switch Method

Vys,on Measurement

Hardware

++

+

Conduction Loss - Estimation

Psemi,th - Pcond = Psw

e

ISW = iSW (t)

» DC-Calibrationv_-i

Accuracy Isolation Box
N |
RDS,on(T)
+
Pcal
C:) v al CP _— RPCB(T)
+
i R T
++ T] v DS,on( )
=
i
FLPE
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3rd Switch Method

'S

» Low-Voltage Setup » Medium-Voltage Setup
L,
DC+1 } S;J":j\ \
Bl ) '_, Crm
N T saeal E
E > = —_{ ;P—»—‘l,—-— Cé:+ Sl At
§ C T e \ * ] Ji_j Brass block
4 | "Ry |- a7
“ | AT T T
5,
P ™ P 2 P AL, - smprovea
b b oo ({{NIHANRINN - scheme
m1 m2 -~ "sw
S, Permanently On
> Pry# Py, P {0, ™
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Vis on Measurement

» Dynamic Range vs. Accuracy
Example: 60mQ - 20Ag

vds,on 1. 20VFS
Accuracy +5% +60mV
Vic 600V

» De-Saturation Circuit

T, R
o g- [ |

JE} oy, Rl §R4 R, l

(]

* Connected in Parallel to Low-Side MOSFET
* T,off: T_Isolates the Measurement
* Tom KL=k, (=5mV)

Response Time: 20ns
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Vis on Measurement

» Dynamic Range vs. Accuracy » Measurement Results
Example: 60mQ - 20A 10 — 06
vds,on 1‘20\,FS 5F o
Accuracy +5% +60mV 2
T 600V 3 0
St . .
» De-Saturation Circuit P N B B Y
oy R m
o 80|
~ - 67mQ
A ST S i i
T, R, \Vn,m £ 40t '
P 20 |
* Connected in Parallel to Low-Side MOSFET %0 02 04 05 08 1
« T,off: T_Isolates the Measurement Time (us)

« T,on: = =5mV
2 Vom = 2 ( ) » Accurate Rys,on Measurement

Response Time: 20ns
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Outline

» Conclusion - OQutlook
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Summary

» Conclusion

Conventional Electric Switching Loss Measurement are not enough for:
e Ultra-Fast Switching Semiconductors
« Soft-Switching Operation

Accurate Calorimetric Switching Loss Measurement Methods are proposed

High Accuracy Calorimetric Methods can be set up but:
* Good knowledge of the Thermal Setup must be acquired

S,.tio Must be kept as high as possible (e.g. f,,, duty-cycle, ...)
* Conduction Losses must be accurately estimated

» Outlook

* Analyse the Soft-Switching Loss Mechanisms and Dependencies
» Validate Accuracy Estimation

* Extend the Measurements to Other Devices

« Validate Measurement Results in a Power-Converter Setup
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