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More Electrical Aircraft

Trade-off in power converters:
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\/ OBJECTIVES

@ 8,4 M€
» Propose technologies, models and tools to increase
power density and efficiency of the the whole @ 48 months (oct.17 — oct 21)
ele.(.:tromeChal?lcal (.)haln usmg.WBG.S,emI-CondUCtorS o AEROCONSEIL, AIRBUS, APSI 3D, ELVIA PCB, LIEBHERR,
(Silicium Carbide SiC and Gallium Nitride GaN) I NIDECILEROY SOMER, SAFRAN, (TFE ELECTRONICS), ZODIAC,

LAPLACE, SATIE, G2ELAB
P
Key Results

«  WP1 (Optimisation) = Tools for Multi-Disciplinary 2 Demonstrators (1 based on SiC, 1 based on GaN)
Optimisation

HVDC Network LSIN DC Cable DC Filters

\_1| ?ﬂ p SE S f 5
o <,

« WP2 (EMC) - HF models for optimized filter design

» WP3 (Power Electronics) - Technologies for high-
power density, high efficiency inverter

» WP4 (Electric Motors) > Models for better
understanding of iron losses, potential of additive
manufacturing

SiC power module
HT-3201-R-VB

U WN2OP Aserdiidoidpye jRIHDREHED PRSI SHN TasaN 1Yl O

¢. 6 patents 15 publication h 10 partners Q‘ 22 people 4
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Ground plan

AC Filters

lechanical frame

PWM Mangemem

O Contribute with models, characterization results and technologies in order to help optimizing the

Power Drive System

QO Design, Built and Test a Full Compliant 70kVA/56kW/540V THREE-PHASE INVERTER

SiC-Based Power Core
Efficiency = 99%

.. P. Dens. = 15kW/kg

i

™) Reference Filter
/fm/ Efficiency = 99.2%

, P. Dens. = 5.3kW/kg
- Simple Topology, reliable

and performing components,
optimized efficiency and
filters

GaN multilevel

@ Power Core + Filters
L fficiency = 98.5%
$257P. Dens. = 8kWikg

Pilawa Research Group

- Performing  Topology,
components and technology
for maximum integration
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Integrated design by optimization of electrical systems & IRT Positioning

EN=aE - Control card & algorithm,
optimized PWM, active gate driver
Multidisciplinary aﬁgsign optimization Cooling system
of electrical system optimization
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Component,
power module

s . & magnetics
Innovative sic power  High efficiency & integrated  |oss characterization

module SiC & GaN Power Converter

aN PCB embedded

W
[
=4
=

3000

2500

2000

I(dBuA)

1500

1000

Overvoltage at motor terminal (Vpeak)

Harness length (m)

Freq[Hz]

EMI, overvoltage & partial discharge impact evaluation 5
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HVDC Network LSIN DC Cable DC Filters

N (11 gg(‘} T3 f}
500 ]

i y
500

Bl 2, B
- = &1 6‘3’;}
Ground plan

: =
Power lines E @ ?

PWM Management

Overvoltage and temperature causes

Dies
Balls

Wire

power module failure

15219

4

I
B p.! :ﬂ: Tl Substrate
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bonding o z I }
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ACFilters AC Cable Motor
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Interconnecting Bundles

Overvoltage causes Partial Discharge

Mission profile
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Power Module Reliability of a power module
AT

160
Fil de cablage Puce Terminal
Gel diélectrique 8 \  électrique 140
/ Meétallisation I Couvercle
| supérieure ' 120
| | Brasure

/ Couche supérieure 100 \

\ diélectrique
l. Métallisation L Fra'stllrc 80
\_ inférieure — inférieure
P'.?tc - — Semelle 60
fremate Dissipateur 40
thermique 20
0
1 10 100 1000 10000
Cycles x 1000
Internal structure of a generic power module [1] Number of cycles to failure versus temperature variation of MOSFET

dies inside a power module for automotive applications [2]

« Small SiC dies = thermal impedance smaller than that of Si.

« Thermal cycles at fondamental frequency can be significant.

» Fast SIC switching induce higher overvoltage at drain-source and gate-source terminals,
which may reduce component lifetime.
[1] B. Mouawad, “Assemblages innovants en électronique de puissance utilisant la technique de « spark plasma sintering »,” Ph.D. dissertation, Institut National

des Sciences Appliquées de Lyon, 2013
[2] A. Testa, S. De Caro, S. Panarello, S. Patane, “Stress Analysis and Lifetime Estimation on Power MOSFETs for Automotive ABS Systems” IEEE PESC 20087
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" Partial Discharge and Overvoltage

* Phase to phase overvoltage in electromechanical chain : inverter + harness + motor

PWM

HVDC 540V
mlealm

Inverter

tu

inv
ah <

Harness

f o

Ground

« Example of measured overvoltage on AC motor + 2m harness fed by IGBT inverter (IRT platform)

900 F
800 -

Phase to phase voltage(V)
= w B
(=] (=] (=1
9 (=] (=] (=]

-~

[=]

=]
T

=1]

o

=]
T

(3}

(=

(=]
T

]

o

=]
T

Inverter phase to phase voltage
Motor phase to phase voltage |-

6.8435

6.844

6.8445
Time(s)

6.845

6.8455

6.846
%107

- Propagation and reflection

phenomena along the harness, even
for small lengths, cause voltage
overshoots across the motor phases
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—=ssmesemr o Experimental Investigation

Overvoltage caused by SiC inverter fed a short CF-AWG18 harness having. ..
Length of 18.7 m Length of 2.3 m

Measured inverter output voltage 13 Measured inverter output voltage
3r it = = — Simulated inverter output voltage | §

= = = Simulated inverter output voltage
. . it Mecasured harness output voltage
l&leasured harness output voltage S Simulated harness output voltage
---------- Simulated harness output voltage | | : 0

Voltage (pu) , Vbase=70Vdc

-0.5 -

1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1
2.5 2.6 2.7 2.8 2.9 3 3.1 3.2 25 255 26 265 27 275 28 285 29
Time (s) #10° Time (s) 4100

* Very high overvoltage can appear on cables end if its length has a characteristic
frequency close to the ringing frequency at the output of the converter

 Simulation with our developed frequency models is fast (Calculation time < 200ms)
and matches very well experimentation (Accuracy < 6%o)
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Inverter

AC Filters

AC Cable

Ground plan

PWM Management

Improving reliability of Power Drive System
- Reduce Overvoltage

- Reduce Switching Speed

- Reduce Maximum Temperature
- Reduce Thermal Cycles

Implementation of AGD

300 |
Sime % 'j 250 L
A \ § 200
3
LS GaN >
= 150 -
100 ¢
Systems GaN systems GS66508T 50
(650V, 30A 50mQ)

Motor

Mission profile

tale off

S

Experimental Results

Vps closed-loop

G10 Ib=320uA, Switch ON Event, IL=1A, RgON=1r5 Vdrv=3V

Developed AGD reduce switching speed, overvoltage with
small increase on switching losses

(with G10)
Vps
open-loop
2 0 2 4 6 8 10 12 14
t[ns]
10
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Inverter

AC Filters AC Cable Motor

HVDC Network LSIN DC Cable DC Filters
: > e T1 E‘} Z’EE} T3 E}
“ﬁ s00 6_1 6_i l

= i

L3

Ground plan — Mechanical frame
Power lines 23 Interconnecting Bundles
PWM Management\
Control Methods (PWM)
g Trans. Supérieur  Trans. Inférieur
Improving reliability of Power Drive System § o
- Reduce Overvoltage P ——
- Reduce Switching Speed Ao
: 9°P Optimal PWM method to reduce losses and thermal cycles
- Reduce Maximum Temperature
- Reduce Thermal Cycles Packaging and Integration

GaN inside PCB Innovative SiC power module

11
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Floating Neutral Point Configuration SPWM
o g 1—Sinusoidal reference signal
—Common-mode signal
+ { { 1 Three-Phase 0.5} {—Modified reference signal
Ve Chus Load ©
el |, g,
ol | o] |l Vo <
" F F Vi F = 05t i
Voc | w
= LR LR LS
{ { _I 0 /2 s 3n/2 2n
Angle (rad)
Continuous PWM Methods
THIPWM1/6 SVPWM SV3IPWM
1 ] 1f ] 1r
05
2 z 2
05
At ] At ] At .
0 /2 s 3n/2 2w 0 /2 s 3n/2 2w 0 /2 b 3n2 2n
Angle (rad) Angle (rad) Angle (rad)
Increase output Reduce output Reduce output voltage
voltage range voltage harmonics harmonics for 3-level conv.
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DPWMMIN

2n

0 /2

T 3n/2
Angle (rad)
Reduce SW losses

of low-side switches

DPWMO

I
4

0 /2 /2 21

3
Anglg (rad)
Reduce SW losses

for capacitive load

Discrete PWM Methods

Amplitude

Amplitude

DPWMMAX

0 /2 T 3n/2 2n
Angle (rad)

Reduce SW losses of
high-side switches

DPWM1
1r :
0.5r .
/ARh NIy
Ly L
-0.5¢ ]
R
-16 /2 2

2 3
Anglg (rad)
Reduce SW losses

for resistive load

Amplitude

Amplitude

of

DPWM3

0 /2 T 3m/2 2n
Angle (rad)

Reduce SW losses for
non-sinus current

DPWM2

0.5 /

0 /2 /2 21

Anglg(rad) :
Reduce SW losses for

inductive load

15
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Influence on Losses (2-Level Converter)

SPWM

1
05
(0]
T
2
z 0
£
<
0.5 \/
-1
0 /2 /2 2n

fis 3
Angle (rad)

Losses = 152W

Avg Switching Losses

[=a)
[=]

Bottom switch

Top switch

=
[=]

[
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(=]

(=]
[=]

Output Current

5
o

2 2n

Switching losses (W), Current (A)

bis
Angle (rad)

Avg Conduction Losses

o,

£
[=]

Botto

S~
(=]

Top switch

b2
=

Output Current

s
OO

/2 3n/2 21

Conduction losses (W), Current (A)
=

T
Angle (rad)

Total Transistor Losses
100

:i‘ Top switch Bottom switch
—
i
:
@)
w — 4
8 v
(77}
=i
g Output Current
=-50
0 /2 s 3n/2 2m
Angle (rad)

DPWM1

Avg Switching Losses

60 ‘

Avg Conduction Losses

Total Transistor Losses

100 T

®

=

?ﬁ

% 1 Q ;E‘ 40 Q

| =

% 05 % a0 Top switch Bottom switch g .| Botiom ::’:‘: Top switch Bottom swilch
Uf:{% E &) Top switch E 50+

r?:%_ 0 U. 201 g’l O“ (_"-'-'-.\

< 3 <o 3

o 05 w0 3 / i % o

A Z < 20l g

?l".’ 1 -3 p- T o o -20} § Output Current E Qutput Current

% Angle (rad) g 10 OQuitput Current é 10 E 50

o B- -

g _ 70 2 T e on 2770 2 T 32 n 0 2 T 3m/2 2n
f_g’ Losses —_ 110W 2 Angle (rad) o Angle (rad) Angle (rad)
2

°

=

g

3

0 . T »»

g Total losses decrease 28% at 50kHz using a more “adequate” PWM method

3 16
m

3
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Three-phase SIC Inverter (15kW/540V)

Three-Phase Prototype Test Setup

Bus capacitors

Power

Oscilloscope analyzer

Power supply :

User Interface

Losses for different PWM methods

DT=0.5us, Vgs = 20V, Rg = 10Q, M = 0.99, Fsw = 50kHz * Measured « Pout~ 14kVA, efficiency can
180 * Calculated ’
160 - attain 99% with the DPWML, at

\

140 By7 127, 1 Fsw = 50kHz.
120
100

zg  Maximum of 5% difference
40 between measured losses and
20 estimated losses using

o Q

<{

characterization method, for any

Q
& & 0‘2 AR PWM method. 17
PWM Method

Ny
Q
CSA a

“usawndop Aleyaudold pue [erpuapiyuo) paasasal ySu ||y — 3SIV LYHI O
Losses (W)



MOSFET Junction-Case Thermal Response, Zth
(°c/w)
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Thermal Impedance

Thermal impedance characteristics Thermal impedance model
6-pack 1200V/50A " T; RO R1 R13
SiC MOSEET (<b] T
[ ! B )
"'v TR -2 8 CO Cl o0 0 C13 amb
-] ) 1 vy
g S T
Résistance thermique Capacité thermique
(K/'W) (I/K)

L RO 4.18x107 Co 3.07x107
Rl 7.49x107 Cl 7.93x107
R2 7.33x107 C2 1.89x107?
R3 1.41x107 C3 9.41x1073
0.1 R4 5.83x1072 Cc4 4.42x1072
RS 4.24x1072 Cs 5.33x1072
R6 2.80x1072 C6 8.55x1072
_1 -2 -1

0.01 R7 2.30x10 C7 1.87x10
RS 2.40x107 C8 3.64x107!
R9 2.42x107 C9 6.51x10"!

AR R10 2.33x107 C10 1.22

0.001 -

1E-6 10E-6 100E-6 1E-3 10E-3 100E-3 1 10 RI11 2.21x107 Cl1 2.47

Time (s) R12 1.86x107 Cl12 5.01

R13 6.80x10° C13 25.1
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Losses

SPWM
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Pertes Totales (W), Courant (A)

- .
Trans. Supérieur Trans. Inférieur

P —

Courant de Sortie

| ~Power Module_—"

50 g o=y ?
0 2 T 3m/2 2n g A
Angle (rad) Dol /
Eg _____..-07
Ei‘i oo LT
p 4
§ oo i
: By
DPWM1
1E-6 10E-6  100E-6 1E-3 10E-3  100E-3 1 10
Time (s)
100 T

Ln
=

Pertes Totales (W), Courant (A)

Instantaneous temperature difference

Thermal
impedance of SiC

Trans. Supérieur Trans. Inférieur

—
v ~

0f _—l s
Courant de Sortie
50
0

2 T 3n/2
Angle (rad)

2n

Figure 29. MOSFET Junction to Case Thermal Impedance

/

Te (K)

T

between junction and case

SPWM

10

AT=4.9°C

]

2

=

0.02 0.04

Temps (s)

0.06 0.08

DPWM1

s AT=3.7°C

0 0.02 0.04

Temps (s)

0.06 0.08
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Thermal cycle amplitude of junction temperature

Operating Point

Parameters Values 6

Power
DC voltage

Output current

Mod Index
Sw Freq
Fund Freq
Cos¢

PWM method

Vgs
Rg
Deadtime

SiC MOSFET

(1200V/50A)

15kVA

540V
26.3A
1.0
50kHz
50Hz

g
-

Fundamental frequency variation

SPWM
SVPWM
THIRD
DPWMMIN
DPWMMAX
DPWM2
DPWMO

1

Sinus
-4\ [+20V
1Q
500ns
CCS050M
12CM2

4K at 25Hz

0 50 100 150 200 250 300 350

Frequence du courant (Hz)

S
oo

= = 9,,=60°C

N

9, =80°C
e 8, =100°C

1 N T T 1 1

—
()
—
& ’
-
0
-

fo—
(=}
N

N

—
()
73
0
’
’
o
0
-
-

D

N

cycles to faih% Ny—»
4

400 450 500

1K at 500Hz
Bcycles=3800

107
swing of the junction temperature A9; (K )—»

20
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Cell 1Cell 2Cell 3Cell 4Cell 5Cell 6

o—e Py Py Py Py Py

"ol | b b ok ok o3 5

0o
G

— ¢ C C < G
(oo

2 DBCs to decrease surface and to reduce
capacitor temperatures

CREE MOSFET
SIC 80mQ

Differential mode Capa
Ceralink 250nF

o

~~"=_ GAO of the target module Same size as
Common mode Gapa T 9 CREE 3-phase module
MLCC22nF L =emr emor=ne N L —30nH

stray

Main components

Design of 2 Versions

\ersion: Vias
(Lstray:16nH)

Version: Ring
(LstrayzzonH)
Version “Vias” made with performing DBC (Si3N4) to
reduce parasitic inductance et resistance 2
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Circuit of Multilevel Converter
Using Developed SiC Power Module

¥

Designed SiC Power Module

+

VDC

—

IDC} _|

i

B

Vel

L
M

Ly

L
M

Ve

L;

L

M

Ly

Parallel Multilevel Inverter
(540V/15kVA)

S » Characterization of SiC module
— using the Modified Opposition
Method
 Evaluation of losses, EMI and

overvoltages in a double three-
phase (parallel multilevel)
converter using coupled inductors

22
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Comparison between different components and modules

200 7 —sav| CCS020MI2CM2
450y = 20v 3 legs, 80mQ
GS
R =250 Datasheet 800V
4a0n ¢ Norm. to 540V
T.=25°C '
3301 D_ = 200ns
300 - C2M0080120D

| TO-247,80mQ
Measured at 540V

Designed module
6 legs, 80mQ
Measured at 540V

Total Switching Energy (uJ)

2 times lowe
parasitic S0r |
capacitance 0 . | . | |
0 5 10 15 20 25 30
Current (A)

* Designed power module presents lower losses than commercial power
module and discrete component with the same die

23
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Comparison between different modules

Fm = 540V

600 'fgm = /54

¥ . 20V~5V

s00 H{ R = 2.50

T

T =25°C

i
400 DT = 2lns

dv/dt=—,
49.6V/ns

. Overshoot,= 84.7V

P

f f:68MHZ

0sc2

f1, = 114MHz

e dv/dt=

25.1V/ns

\
C2M0080120D
on TO-247 Z//

«——Overshoot, = 64.9V

1:osczl 1:oscl =28

If
C,=2.C,

Then
I-stray2/ I-stray1: 14

1 Close to theoretical
ratio between stray
inductances of both
solutions
28nH/20nH

1.65 1.652

1.654

1.658

1.656
Time(s)

1.66

1.662
= 107

* Designed power module presents higher speed and low overshoot
when compared to discrete component using the same die

24
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DISSIPATEUR

TIM

DISSIPATEUR

TIM

Standard

Embedded

:Laplace

Top Surface Bottom Surface

Goals:

* Increase power density
* Improve thermal and electrical performance

Driver

- 83

| o

Packaged Component

(GS66516T
e 60A, 25mQ

Top cooling

Bare Die

GS-065-060-2-D
60A, 25mQ
U

25



GS66516T
: 60A, 25mQ
Top cooling

W8 IV - 3S3V LYl O
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“Laplace

Embedded GaN pre-packaged die

52mm

45mm

»
»

= Good thermal resistance
= \ery low inductance

Thermal pad
surface
731mm?

Copper
thickness
250um

26
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GS-065-060-2-D
60A, 25mQ

“daplace

Embedded GaN bare die

= \ery good thermal resistance
= \ery low inductance

Thermal pad
surface
XXmm?

Copper
thickness
250um

27
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BOT + IMS TOP+ TIM TOP + IMS EMB PACK EMB DIE

| BOT+IMS | TOP+TIM EMB PACK | EMB DIE
Thermal resistance Worst Good Very Good Very Good Best

Electrical performance Worst Good Good Best Best
Power Density Good Best Bgst
Expected

« Reliability of such packaging is one of the following subjects at IRT

28
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= EPowerDrive project at IRT Saint Exupery proposes technologies, models and tools to increase
power density and efficiency of the whole Power Drive System using WBG semiconductors (Silicium
Carbide SiC and Gallium Nitride GaN).

= Reliability of Power Drive Systems using SiC and GaN can be improved by reducing overvoltages,
switching speed, losses and thermal cycles amplitude. Some works at EPowerDrive aim on reducing
these values.

100

Trans. Supériewr Trans. Infériewr

= PWM methods improve some characteristics in three-phase converters such
as losses and thermal cycle amplitudes.

Pertes Totales (W), Courant (A)
o 2
3 ( )
P

2n

= |ntegrating capacitors inside SiC power module reduce overvoltage and losses. %

= GaN embedded inside PCB reduce thermal resistance as well as overvoltage. Reliability of such

“packaging” is being studied by IRT.

TIM

FRENCH
INSTITUTES OF
TECHNOLOGY

fit

29
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Thank you for your attention

Bernardo Cougo
bernardo.cogo@irt-saintexupery.com
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