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Analysis of Inverter Losses according to Switching Frequency Using Electric
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Abstract

Electric propulsion aircraft are being actively researched in the aviation field in recent years to solve
environmental and noise problems caused by existing gas turbine engine. In particular, research on a thrust
motor as a core component of an electric power propulsion system and an inverter for driving it is actively
being conducted. In this paper, a motor with high specific power is selected to determine characteristics of
aircraft that are sensitive to weight and volume. Power loss of the inverter is then simulated. In the
simulation, the selected motor and power device were modeled using PSIM, a power electronics analysis tool.
Inverter power loss according to switching frequency was then analyzed.
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B+ EMRAX208, <¢I¥Hi+= Semikron,
Infineon A}ell IGBT(Insulated gate bipolar transistor)
9} CreeAtol MOSFET(metal-oxide semiconductor
field effect transistor) SiC(Silicon Carbide) ¢1¥ €]

% 37142 maY s

#13  PMSM(Permanent
Magnet Synchronous Motor)EFY] 4719 $H TS A

sHlth TR A W HddHe] 90kWet
100kW AfolQl AE715& AT FHTOREE
Ao #H=o] 96kwel HPEVSAY] AC35 Dual, Huj
Aol 90kW<l YASAARS] YASA 400, Hdj #1¥e]
100kW¢l  Zero motorcyclesAte] Zero 75-73
EMRAXAFS] EMRAX228% A4 &qich z17] 33
3718 544 Fuek FAe gk Alcke] dAs
ot mebd 7] ARV RE AETle 29 |
LE H9Hew v FRIEY Y HEE A
kgt Az, AC35%  1.4kW/kg, EMRAX228%
8.13kW/kg, YASA 4009] 7 5-
75-7 3.15kW/kge] =9 YRE ztetvh mEbA =
Y MEE V|FoRE FEIES HuS AF =2
=9 UEE zh= EMRAX228S 438 dAs572 A
Attt AR B =0 A= Motor Generator Al
5)

g7do] FAHoIA %= EMRAX228H T 3 ©HA

il

olz)9l EMRAX208 EEHE o]& 3&}3itl. EMRAX208
YA ®BE HU E3E 75 kW, FAE 9.1 kg o2
=4 UxE 797 kW/kg ©|th

2.2 EMRAX208 7= % HM7|H ¥ 7[AHAH EM
EMRAX 2082 b3k
237t gle 7% olBR
T ROtk 20572 zxgx}a} A R7E A
ov, Fdv} Fee o

30

32

EMRAX208 #7149l 5A4& ARFd o]l 470
Vde, W5 A 0014 &, WF dgdexe= dF
125 uH, q% 130 uHZ ztow <71e] 53 EAS
7FRAY, a8l B3 A4=0.8 [Nm/1Aph rms], &
7148 A4E 68.4 [Vpk/Arms], F4W3F &L
0.0393[Vs]& AS =
0.023[kg*m"2]2] AARHE, & 7153 H AY
< 75[Kwlolth, AAAFE 100[Arms], 34 B+
80[Nm]o|t},

Fig. 1 EMRAX208 Motor

Table 1 EMRAX208 Mechanical Characteristics

Mechanical

Axial Flux synchronous

Type . .
PMSM, Sinsoudial three phase
Casing diameter 208 mm
Axial length 85 mm
Dry mass 9.1kg(AC)/9.3(CC)/9.4(LC)

air(IP21)/ water

Stat li
arOr COOMIE | 1y col(IP68)/combined(IP21)

Table 2 EMRAX208 Electrical Characteristics

Electrical
Maximal 470(HV)/320(MV)/125
battery(V) Vdc(LV)
Peak power 75 KW
(at 6000 RPM)
Continuous b to 40KW
power
Peak torque 140 NM
Continuous up to 8ONm
torque
Efficiency up to 98%

2.3 &37|& 2lHE MH
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Eq. 13g2o] Aosm. ®© 2 A3t3t

B ox A7k Eq, 2 2 Al

U

(1)
(2)

tsw = ton +toff
ton = td(on) +tr7 toff = td(off) + tf

2.4 SEMIKRON SKiip 26GB12T4V1
SKilp26GBIZTAV] 714548 V,, = 1200 V; [, = 290 A

flo

HYlghs 7, 2% W8le T,= —40~ 175 " C,

J

45 E,, =13.6mJ, E,;; =22.1mJ °|t}. E tE
Ex o 2= Trench 4 IGBTs, CAL(Controlled axial

lifetime) 71&9] A¥sta AFF A tholexz,

O
3L -

A1#

A o] A7, NTC-T(Negative Temperature

Coefficeient Temperature) Sensor?] EAE 71X a1

At

/ 400
FT=25°C e /

|FVge=15V ‘A
Al /

300

5 300
T,=150°C /

V17V T[] J/

Vee =15V T—Af

V=11V 7
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Fig. 2 Output characteristic,
CAL diode forward
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Fig. 3 Turn-on /-off energy = f (RG)
Turn-on /-off energy = f (IC)
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2.5 Infineon FF600R12ME4

FF600R12ME4 #7854 V,, = 1200 V, I, =995 A
HAgs 7, T;= —40~ 150" C ,
gt 2%7} 150 °Coll 2913 Turn on/off oY A]=
on =90mJ, E,;; =79.5mJ olth. el 7]A%

Lo

R | R
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=¥ Base plate, &

—Ty=25C
S --- Ty=125C
/ o N N | Ty=150°C
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Fig. 4 Output characteristic IGBT,Inverter (typical)

Forward characteristic of Diode, Inverter

(typical)
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Fig. 5 switching losses IGBT,Inverter (typical)
switching losses IGBT,Inverter (typical)
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Fig. 6 Switching losses Diode, Inverter (typical)

2.6 Cree CAS300M12BM2
CAS300M12BM2 #1713 54L&V, =1200V,
HAYgs  7HAE, Hd *Es

T;=150" C , A% %7} 150 °Col  291% Turn

I, =423 A

on/off AlvA= E,, =58mdJ, E,;; =6.1mJ °t}.
SIC &} 5402+ wg 2 dYy 229, H2
2914 Fo¢ B3, fo]e=dA Zero Reverse
Recovery Current, MOSFET zero Turn-off Tail
Current, 877l gk ehdd=], dAHdLde] &0
A, g Welz EHolE 2 ¢FvHE YEHo|E 4

AAE 7HA L Sl

30 25 20 415 10 05 00 600 y——
i V=20V, Vg=12V
V=10V
]: o 5= - V=18V J
5 H

Current, Ips (A)

Drain-Source

Conditons: |
500 1225C
122004

0 § 2 % 4 5 6 L 8
Drain-Source Voltage Vo V)

Drain-Source Voltage Vo (V)

Fig. 7 Output Characteristics TJ] = 25 °C
3rd Quadrant Characteristic at 25 °C

Conditons: Conditions:
T:25°C T,=25°C
100 [ Vo =600 25 {Vert00V
1552300 A Roen 7250
Vgg= 5420V Er Vg = 5420V
=774 L=

Switching Loss (mJ)

Switching Loss (mJ)

yann
A

0 y 5
//
0 0

0 5 10 15 20 %5 30 3 4 a5 0 50 100 150 200 250 300 350 400 450
Drain to Source Current, Iy (A)

25"
o
Pk

External Gate Resistor Re[ext) (Ohms)

Fig. 8 Inductive Switching Energy vs. R
Inductive Switching Energy vs.Drain Current
For VDS = 800 V, RG = 2.5 Q
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36 TFEF2AE IS
F7h 52 A4S &40 A7E FA & 5 ok fa
Ao A718 A AAsoks7] witel AlzEle] R Ol ’

99 RAE b AN £@ ue] deede

ade] wde doslm 2% RAF o] & & Y

o] &&= vt QIMEe RHE al# st 4A

glof grt, B oA AlEdEold xS 470 Vde,

EMRAX208 Motor, Load 65 NM, 5% RPM 2000,

29934 F3+= 10 kHz~50 kHz7}#A] 10Khz @9 =
Algs 8 kel
AWEe] 297 ne] £AE BE £23 2903
Eae goz ANdrh B £4e 297} 2%
HAS A5 29A on AFel dys EAHoln, ~
49 LA 2907 AT AAE £ PNE £
Afoltt, IGBTS &% £4& Eq. 3 A4tAola,
Eq. 4,5 2]& 2934 on/off o that &4 Ak o]
[4]. Eq. 6 21> MOSFET SiCe] =% &4 Aakao]
3, Eq. 7,842 2913 on/offdl] thslk &4 Axk2] o]
t}.
Pcondl‘—:: =E —(‘—:/\E] ;‘(jE_:]', ‘Ps’onn,/off% ‘{:%%’] ;‘ﬂ
2 &4 AA ol
Pcand = Vce*]c (3)
Psw Qo = Eon*f* Vcc/ Vccdatshect (4)
Psw Qofr - Z;t)j‘j”>'<-]ﬂ>!< Vcc/ Vccdatsheet (5)
P{:ond = [é*RDS(r)n) (6)
Pstm, ZE()n,*f (7)
Pstoff:Eoff*f (8)
Table 3 Test Condition
Test Condition
Vdc 470[V]
Switching Freq 10~50K [hz]
Reference RPM 1000~5000
Load 68 [NM]
Dead Time luls]
EMRAXZ208 Parameter
stator. winding 0.014 [O]
resistance
d-axis inductance 125ulH]
g-axis inductance 135ulH]
back EMF constan 68.4[Vpk/krpm]
poles 20
moment of inertia 0.0256[kg-m™2]
shaft time constant 100[sec]
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Ae el st
Table 5 IGBT Infineon Test Result
ﬁh@gmasre;las
s MOSSIISET 10 | 20 | 30 | 40 | 50
N ~ kHz kHz kHz kHz kHz
Sy (Cree)
Conguction Loss IAS THD
4.59 3.04 2.59 2.54 2.37
[%]
e g —— S —— ConLdouaC;‘O“ 171.4 | 153.4 | 148.3 | 145.9 | 144.7
Switching Loss [W] 8 5 2 2 5
e e e e e e Switching
= = = 127.7 | 260.5 528.2 | 659.5
Loss 9 4 394.2 0 9
[W)
S Total Toss Total Loss 420.5 | 531.6 | 667.0 | 809.5 | 949.4
L = | = = _| = | = [W] 6 3 6 7 3
Phase Ampere_las
w__w:w\ﬂ\\\\.‘\\x\/\\‘n |
r o @
Fig. 10 IGBT Semikron Test Result ]

Table 4 IGBT Semiron Test Result

SiC 10 | 20 | 30 | 40 | 50
e | | W | e | e |
IASWOT]HD 457 | 317 | 275 | 232 | 248
Corid;:;ion 243.1 | 215.8 | 207.1 | 204.4 | 202.7
(W] ’ ’ ' i i
SWL“OC:Sing 560.4 | 1051. | 1542. | 2036. | 2530.
[W) ° v . - -
Tot?[iiw %OSS 12(;3' 1432 | 1910 23;916' 2887

Phese Ampere _las

it M}\WWWM\M
- ~

o 5 - -, i :‘\,_"\ i o f}'v\ w{\,/ ~ - i
e ~ — S
, N\/ ol 5 e o < f S

Switching-Loss

TotalLoss™

Fig. 11 IGBT infineon Test Result

" eenaggori

Conductiontoss

Switching Loss
Total Loss
Fig. 12 MOSFET SiC Test Result
Table 6 MOSFET SiC Test Result
SiC
10 20 30 40 50

MOSFET kHz kHz kHz kHz kHz
(Cree)

IAS THD 4.58 3.11 2.58 2.37 2.28
[%]

Conduction 113.7
Loaa 4 90.44 | 83.23 | 79.45 | 76.86
[W]

Switching 100.6 | 148.2 | 196.0 | 243.6
Loss 54.81 8 9 5 6
[W)

Total Loss 490.6 2027. | 248.1 | 297.4 | 347.6
[W] ) 76 9 6 6
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Phase THD [%] Switching Loss [W]
5.00 —# 3000.00
4.59
450 \\4'58 2500.00 777153 .24
4.00 i ‘,QL 2000.00 2535:;
350 ”N\;‘“\u_ 1:’: 1500.00 "iﬂ;A;
\‘\:\.-5 o 2.75 et
3.00 < ..; : 2'_59 Ty e 1000.00 eeI0S1EE
T~ 25 2.54 237 i _ 5452
250 = == A o 2,28 so0.00 | 56045 e - =
2.00 B | 0.00 T sty Zgg - j e e e
10kHz 20kHz 30kHz 40kHzZ S0kHz 10kHz 20kHz 30kHz aokHz 50kHz
==+ IGBT Semikron = == |GBT Infineon =SiCGree e Semikron = = Infineon —— SIC
Fig. 13 IAS THD Fig. 15 Switching Loss
Table 7 IAS THD Table 9 Switching Loss
Phase rms(A) P_Switching Loss(W)
10 20 30 40 50 10 20 30 40 50
Khz Khz Khz Khz Khz Khz Khz Khz Khz Khz
IGBT IGBT 560.4 | 1051. | 1542. | 2036. | 2530.
4.57 3.17 2.75 2.32 2.48
Semikron Semikron 5 98 41 12 24
IGBT IGBT 127.7 | 260.5 528.2 | 196.0
. 4.59 3.04 2.59 2.54 2.37 . 394.2
Infineon Infineon 9 4 0 5
SiC SiC
' ! 100.6 | 148.2 | 196.0 | 243.6
MOSFET 4.58 3.11 2.58 2.37 2.28 MOSFET | 54.81
8 2 5 6
Cree Cree
Conduction Loss [W] Total Loss [W]
300.00 3500.00
3000.00
250.00 s 2881.00
200.00 T I s Bt e X Fm00.00 “_,‘-"'2'396.?.17
- 171.48 2000.00 N s
150.00 TS — 5 ————— P s 1810.00
113,74 145.82 oo 200
e T s S T oas— ss 100000 |-16557 S
50.00 500.00 e —m s T T 7 owr 6~ .
e _ — i— — 297.46 —341.66
0.00 0.00 ’
10kHz 20kHz 30kHz 40kHz 50kHz 10kHz 20kHz 30kHz 40kHz s0kHz
IGBT Semikron = = IGBT Infineon ——  SiC (ree «eseee IGBT Semikron = = |GBT Infineon — - SiC Cree
Fig. 14 Conduction Loss Fig. 16 Inverter Total Loss
Table 8 Conduction Loss Table 10 Total Power Loss
P_conduction Loss(W) P_Total(W)
10 20 30 40 50 10 20 30 40 50
Khz Khz Khz Khz Khz Khz Khz Khz Khz Khz
IGBT 243.1 | 215.8 | 207.1 | 204.4 | 202.7 IGBT 1003. 2396.
1432 1910 2887
Semikron 6 9 7 5 0 Semikron 47 71
IGBT 171.4 | 153.4 | 148.3 | 145.9 | 144.7 IGBT 420.5 | 531.6 | 667.0 | 809.5 | 949.4
Infineon 8 5 2 2 5 Infineon 6 3 6 7 3
SiC SiC
202.7 420.6 | 202.7 | 248.1 | 297.4 | 347.6
MOSFET 90.44 | 83.23 | 79.45 | 76.86 MOSFET
0 0 6 9 6 6
Cree Cree
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