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=l 12
B R
E e En AE

xCU Engine Transmission E-Motor Battery Powertrain Vehicle CD Road
Test testbed testbed tesbed tesbed testbed testbed test
= * R
——— D}
-
Maneuvers
=
g Chassis
<
o Wheels Wheels
-
§ Battery Battery Battery Battery
E-Motor E-Motor E-Motor E-Motor
Transmission Transmission |Transmission | Transmission
IC engine IC engine IC enginer IC engine
xCU ECU TCU xCU BMS xCU xCU xCU
IC engine IC engine IC engine IC engine
Transmission |Transmission Transmission Transmission
= E-Motor E-Motor E-Motor E-Motor
o
E Battery Battery Battery Battery
-
g Wheels Wheels Wheels Wheels Wheels Wheels
@ Chassis Chassis Chassis Chassis Chassis Chassis Chassis
Maneuvers Maneuvers Maneuvers Maneuvers Maneuvers Maneuvers Maneuvers
Virtual Real

Repeatability

Fidelity

Flexibility

Source: Michael Paulweber and Klaus Lebert, Powertrain Instrumentation and Test Systems, Springer 2016
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| — v | ————— r : ent
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. . . . ‘ Real system test
*Plant nonlinearity *Integration and *Portability for T 10 A TP
*Controller design consistency dedicated '
(MISRA-C) microprocessor

*x MISRA:Motor Industry Software Reliability Association
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Permanent Magnet Synchronous Motor Reluctance Motor
: Induction
Rare-earth Femte Magnet Mistor SynRM SRM
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Stator Structure
Rotor Structure T\Q -
fats Size ©
ME | 58| Efficiency ©
D% ég Cost X
RE [28|  Noise O
ER Total O

Source: Hitachi
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Asynchronous Motor Internal perm. Motor

Principle

Large speed range

with constant power YES
Magnet needed No Yes, 1.5 kg/100 kW Peak NO
Disadvantage Poor Power Curve Magnets Construction
Advantage Construction Good Power Curve

No Magnets, EESM2D  EESM rotor/stator
Good Power Curve '

Rotor

Illiano, E, “Design of a brushless separately excited synchronous motor,” www.brusa.biz

10



_—F
AIPEI
TECH
EE-Lab316

O AEBAXERED

HERI A AER
FEHENCERIRN)

N

T =22
22

—

Y J

r r
as | — @
S

L

as

0

0
Lds

r -
| |

I

or
Ids

\Y rs + qus @, Lds @, ﬂ‘m

0

)

m

v LH

I, + pL

fo) [EH

i === A, 0 +—=— (L, — L, )i
s'ds 29 m'qgs 29 s qs
* *
fz: B 85 5B

—o, L

r
gs

r
q

r

ir
gs"ds

+ (Lds o qu)i

EiaER

L, —L
Te:§E ﬂmlscos(a)+lesin(29i)
2 2 2

r

Iqs

T

max

T. A

ir
ds >t

@ fhie ¥ 4=

ARG

11



7
TAIPEI

_Ti 5 o =z = 744
=, TECH A\MEE‘]&E}]/%I%;E"‘EIE
o a
O BEEhasiZEHl 2218
Rectifier DC-link Inverter
L 2 L 2 iU
3¢ —> + 0
AC —» - |V, | 0 iV IPMSM
source f.\W
.—; v
n encoder
« + > .+ — T |+
Position r| O | Volocity e gs ; Current |
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Electronics

noise Control System

harmonics
shielding
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IGBT & WBG devices

voltage

" current power switch
ﬂm power D

semiconductor sensors

saturation
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.a

copper loss

= %
induction =
dielectric loss

Magnetic Field < > Electrical Field Resolver & Encoder
Thermal Field
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NdFeB ;nagnet 7 ‘
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A
! expansion cooling@

Magnet wire
insulation ‘
Flux compression Hasit‘translar
. Motion Field Fluid Flow Field —
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Torque, Speed Efficiency map
Current and flux density J
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» | g A ) Meet
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Motor preliminary design
Motor CAD RMxpert l
= Motor and drive system design
: Maxwell 2D+Simplorer
(EM, circuit and controller
Co-simulation)
Motor size B iy
Stator winding l‘”F;JJ Bt B
Voltage - current and PF IERE:
(Max./Rated) b
Motor parameters s
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—_ specifications? Transient response
YES l
Motor detail design Motor Drive
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(EM field analysis) l l
Verification

Flux distribution
Torqgue and power performance
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Ref: Modeling of electromagnetic torque considering saturation and magnetic field harmonics in
permanent magnet synchronous motor for HEV 21
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Co-simulation(ECE)

PMASynRM Torque (Avg. 19.2Nm)

ECE model

o Phase U current
Rotor position

-[ 5A
ot 0A, %
|2V
p oy, :
20ms
Experiment
% Torque (Avg. 17.5Nm)

VAV AN N A e et e o VWV N N A YAV VAV

IlONm

ONrﬂ>

SPWM Rotor position  Phase U current

controller VAR

\ // \ ) / \ A { ‘/If b /,‘/ \ /_f A ‘ ViR /‘/

VNN NN ST S ST S A

X C A A 1A X f /

/ | yal / A ya / / / / | / | 2V

O\l}/ _T/ Vo / \ .' v [ L .. :' v .-: W
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Torque(Nm) 15.20 15.52 15.38
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The ECE do not consider the iron loss which yield higher efficiency!
/
R AN .
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................................
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Generated Torque

> Average torque

FEZIEREE S REEE

14Nm

12Nm

10Nm

ONm

—==
-
-
-

I, =8A,IS
s /
S
Rl

I ~

=29.7A

—— Experiment
Simulation

-70°

> Torque @3kw(3000rpm)

° 50"

° -30° -20°

-10°

10° 20°
Phase Advance angle &,

30° 40° 50° 60° 70°

I; I 6; |Torque| Vi ms| Nmotor
Sim. 8A 22.4A | -10° |9.84Nm| 186V | 91%
Exp. 8A 22.4A | -10° [9.76Nm| 194V | 91%
Error 0.8% | 4.1%

> Back EMF@1000rpm I,=8A

0V —»

IlOV

ns 2.5ms .
Error = Sim. — Exp. x100%
Exp.

> FFT of Back EMF

1st 3rd 5th 7th 9th 11ith | 13th | THD
Sim. | 20.9V | 0.59V | 0.04V ov 0.01V | 0.02V | 0.08V | 3.3%
Exp. | 22.6V | 0.87V | 0.08V | 0.02V | 0.01V | 0.01V | 0.08V | 4.0%
Error | 7.5% | 32.2%
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Experiment
»/  Simulation

-10

-20|
OO
-90°| Experiment

-180°

-2707

-45°

Simulation

100

Frequency(Hz)

By g
@ @& |«
I % oo
- e q L
a a
- .
=g = = t oo
a a
e =L} "3 g
= .':‘_," ‘J- hd - L
E=1{TF r
= a8 - a T €

Power stage

Control stage

690

5000
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v Q3D: extract the parasitic parameters m
v’ Spice model: characteristics analysis of power switch Simulation
v" Twin builder/circuit simulation S/W: operation of the power stage Tools
(stress/current sharing) and losses estimation for thermal design _
v Double pulse tester: verify the simulation results Verification
) Thermal design Busbar design
Power switch *]osses estimation *stray inductance
*stress analysis *coolillg methodologies *current sharing among capacitors

*characteristics of steady/
transient state S S -

*|losses . .
Power connection bar

*current density distribution
*loss

DC link capacitor
*impedance vs. frequency
*estimate losses

=~ I5aralleled operation of power switches
EMI/SI(Signal integrity)? current sharing at steady and transient state
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Vector
control

Driving cycle

FTP72 UDDS

1000

1500

NYCC
— (km/h)

10 * (m/s")

2.
* (m/s
50 Py A A |
F . AM A P | ]
A ef\ L, ‘ d”. T "\ ;)’, t \
0 >

I.{g EE ?E% 1’E Jm Hi:n\nzn

G - B AX
NI ES S B R -t T EA IR E
28% -

O WRIFZIEKXFERBNRGR ZVIRREETIEX -
G T Estimate heat dissipation of §
i | power stage under required
kL. - driving cycle and output

I ; ; . w .

: e = - power by Spice model and

\ o / co-simulation

Time

0 200 400 600

ECE

0 200 400

600
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2

AAL

53 N ELERE))

oo 2>

A AX A

OO0 Power switch loss

v BEiE%(conduction loss) : B EMNINEREAEFE I BAUFRESELX -

v HI#RE K (switching loss): GBI EREIERE(SIC diode) K F{EPCBEEREERENRIEZ

FEEVER L, = Lopes +Lr - I AMREINIRIEK -

A V
gs Switching
losses
LUPC V // ‘\
t Vas ¥ \
\
\
\
\
\
\“ .
\
A “‘
l4 Conduction loss 1
(Power switch) ]
\
\
\
\
4 i Conduction
L loss(Diode)
\
\
Q2 OFF Q2 ON Q2 OFF Q2 ON Q2 OFF
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£ A 2 = o DR ==
< JecH RIS N EERERE)ZEEE
+dE 2 E s B4 488
O PCBEEZREEMAABE 2R E K power switchZ &
Voltage L id(t) 4T B
Ay stress Effect of voltage and current stress
gs \
[ . 100
\ Limited by Rps on \
T Vds C_'T':,‘ \
10 4 / \ \ I
BN \ =~
T Current \ \
ly stress | $ & 100 s
Qrr(D1) 1 ! N
Conditions: \ 1|ms
Tc=25°C
D= 0 100 m:
Parameter: t, |
» 0.1 1
AL 0.1 1 10 100 1000
I L Drain-Source Voltage, V (V)
Source: C3M0060065L
Silicon Carbide Power MOSFET
éZ OFI;‘ Q2 ON B Q2 OFF B Q2 ON ] Q2 E)FF
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R & Eﬁi * ﬂu(/u\mglbzlz—‘g-ﬁ EZ Eﬂi )

, Q3D
LDC LConnect LStary
——0 700 I ———9 ’
_|_
ESRCDC ESRCHF J:‘ﬂcm It': CSN :_ﬂCsN
ESLCDC ESLCH[: l
VDC
— Cpe = G Jk::%}cw |<:ECSN — Cqy
Electrolytic MLCC/
— Cap-: Film Cap.
I\ I\ i\ :

\ J
|

Twin builder co-simulation with Q3D and Spice model
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O Q3D 4
v Calculate the parasitic parameters of frequency-dependent resistance, inductance, capacitance and
conductance (RLCG) for the quasi-static behavior of electronic products.

v' Can import or create arbitrary 3-D electronic structures, such as connectors, vias, wire bonds, solder
balls, signal traces, and power and ground planes.

Quasi-static or full-wave techniques Wavelength for copper vs. frequency
| Frequency (Hz A(m
= Measure the size of the interconnect in units of wavelength! - - ( )

100k 1686.3 168.63 =

\é?', . 1M 168.6 16.86 Power

0 M10 16.8 1.68 " stage P 3x10°m/s
1.7 017 - Vur X |

0.3 0.03 & = 3.165(copper)

Quasi Static Full Wave
(no radiation) (including radiation)

= Size < A/10, use quasi-static solvers. Qutput circuit model in RLGC.

m Size > A/10, and/or radiation important, use full-wave solvers.
Output S, Y, and Z parameters and fields.

oM
_soom
Q

Simulation tools according to frequency
DC Lt L<.=.i m% 22? HFSS Q3D

2D Extractor

Source: Ansys

HFSS, Slwave
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O Q3DEBIFMMERKEAGER
Lo,

---------------!?El ..................................................
T
EShort pad 1
Al '
TTT :
P EShort pad 2
Ly, E E Ly,
g 1 ] A N
S = == -
*.. Minimize the stray inductance by Q3D to reduce turn-off
voltage spike and turn off loss.
Impedance analyzer (WK 6500B)
60nH - "; -E% ) °
jz:: i Calcg)l/at(gg |;esult == ‘ i

The stray inductance is dependent on frequency!



P d
TAIPEI

SRS N B E K EHIGEN3R5R
?E-LaTbIE?(.:ZI; % = S my L =< |:|X |:|
Zemng tIEE X ff)% TE&—‘EJ
O IhZESH 855<(Turn off) &5 & = I 45
Stray inductance (Q3D) Tested results
115nH 713;41 “anH Ll A I‘.oad N A W @48V, 60A ::ZOV
Electrolytic 0, ik ln_ductor vy
capacitor MLCC s outt 82,5V
13204F 20F ] wa] T San immn
L ianH g320pH 10“7 L. ;gdnH _,' % 17mQ
we To 98MQ , 4mQ - ‘ .d
L1 3ome ol 2uF
L571 rtema.a
Gate Driver o v
o e e = Bl e S A5
I 10k0E .gL : i IZKA/MS
Stray ( e L =1 = _1459.0(Alus
inductance i dt|,, (W)
3D Shunt resistor i |
(Q3D) o - . 26 4ns "m
= 1lonH 7210 7nH BmQ  11nH

Double pulse test(DPT)

SEHBRT:

MU Double Pulse
Testert?s B & BEBS
A=l E?ﬁl Ih
E’J AaxX n'l'&m "EnE
2023.12.07

ROHDE & SCHWARZ ®

R¥E
R4

&

Simulated results

0V >

@48V, 60A
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A AX A

O DPTHIEZER

Energy(uJ
gyl Eneigy(mJ)
ol I 200u] o , _f -
— * > ds _down y
1o
o _f 40A oA I v I 80A
— X 1
—> (. .
1o
35.0ns 1>
u rn On — e 22.5ns
i o e
— i v —
| Voo oo A -
| |
oV | h HL [ DS I T ov : ,WL,MWWW\WM,*WMM I 200V
«— Instant power(kW) 10kW .
ow v oW <«— Instant power(kW) 10kW
_’ ——
| 20ns l I‘_’l
N 30ns
Energy(mJ
Energy(uJ) gy(m)
v T 1mJ
ol 1100u] 0J ‘
— I{I.VJ I 1ilas Lis don _f 40A
40A 0A : .
0A _f i I | x
I/d\ down T
T ff A Vi down
urn O 13.5ns ¥
Ay ! - SRR COV I ) B S TR Mashac 1etuaset it en e |
o < /
ezl |
ov : : I 200V oV 200V
M A | Instant power(kW) X > <« Instant power(kW) K
ow I 10kW oW 10kw
— v '
«—>|
| 20ns | 100ns

Switching loss of the SiC MOSFET and IGBT are 253.2uJ and 1597.0u], respectively. 40
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O Electro thermo design

DRAIN| R CTJ )
E_ ds,ON o . ]
ATE| opicg  [TCA Co-simulation
SOURCE
E_

Power Tr.
(ROM) (Spice)

1 dT
I:)cond — ? _(‘)- Vaslas dt

ids Vds = ids Rds,ON “““ lll
_|_
J | V, Icepak model

\ g
ROM
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