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Control signals

Measurements

« Hardware-in-the-Loop (HiL) setup
« Device under Test (DuT) - control, protection or monitoring system
« Real-Time Simulator - digital simulation of a system controlled and/or monitored by DuT

« Information exchange - analog and digital signals, digital communication protocols

Slide source: ) H2FLy



TESTING APPROACHES ACROSS THE DESIGN LIFECYCLE

Model in Software in

the Loop the Loop

; Acceptance
Requirements >
9 Executable spec test

X o Integration L )
| Fastprototyping test A HIL * Modern V-Cycle with iterative

@ coding process
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generation

Continuous test
and verification
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Trends in Traction and Propulsion

Automotive Traction Aerospace Propulsion

E-Motor 3ph to 6ph 3ph to 12ph + W
Inverter (DC/AC) 2-level topologies 2-Level topologies
3-level topologies 3-level topologies 100 kW
Multi-Level-topologies ]
2 10kw
SemiConductor IGBT SiC-MOSFET &
SiC GaN 1kw
il 100 W
Switching 20-50kHZ inverter / up to 20-100kHZ inverter
frequencies 75-500kHz charger Up to 1MHz for aux. systems 1 kHz 10 kHz 100 kHz 1MHz 10 MHz
Design principle Cost & efficiency optimized  Safety first! Frequency

Resulting trends in Motor Controls

« New Modulation trends (different pulse patterns)

« Zero-sequence switching for reduced losses

« Phase-shift modulation

» Model predictive control

« Al optimized controls

« Sensor less controls and more...

- More complex controls also increase risks of failures and require more thorough testing



Power Electronics HIL Simulation — Motor Controller use case

Device Under Test (DUT)

| PWM

Controller

Position and speed / U, |




Utilizing FPGA Technology for accurate Motor-HIL

Inverter

MATLAB OPAL-RT’s
SIMULINK Schematic Editor
Specialized Power Sysigras
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g B e P ﬁ?j ' Other Schematic
s - e Editors like PLECS
swiafesce 1Y = B . (x ’ 'EU i‘}qlz L
E_ A $ | g .
‘“::,; e ' Automatic generation
T of electric circuit model:
TP eHS ¢ rarcrommin

« NOVHDL programming
« No need for Xilinx Blockset

m or other Xiinx FPGA tools

Enables coupling of more than 144
switches without artificial delays

Supporting up to 500+ kHz PWM switching
frequencies

Sample time of electrical system solved by
eHS ranges from <100ns to 2.5us

Permanent Magnet Asynchronous machine
Motors (PMM)

Motor

@ &

Stepper Motor And More!

(DFIG DFIM & SQIG

SQIM)

= Switched Reluctance Motor = Complex motors

= Brushless DC (BLDC) (SRM) = Multi-motors system

= Permanent Magnet = Doubly Fed Induction o—
Synchronous Machine Generator/Machine (DFIG RPN .\‘O( S
(PMSM) Lt ngc g

= Squirrel Cage Induction
Generator/Machine (SQIG

SQIM) hse & «

5 phaSSTs e
o O

« Fully parameterized motor models

« Torque, flux, inductance tables for import
of FEA models



Device Under Test (DUT)

Controller

Position (resolver / encoder)
and speed

Current
sensors

4-Quadrant Power Amplifiers
(3-phase)

HIL Simulator

J Enables full power testing:
250kVA units stackable
1320VDC

Amplifier
set points
(Va, Vb, Vc
la, Ib, Ic)
-Analog or
Fiber Optic



Vehicle Models = __

Motor speed (rpm) 1

L | T [ Drive Cycles

TRACTION INVERTER "= "esssutusisisscs "‘" """""""""""
& Ad MOTOR PHASES

Mechanical
Components

Rotor position information

Permanent Magnet Synchronous
Machine (PMSM — IPM — BLDC- SPM)

Induction Machine (DFIG — DFIM —
Squirrel Cage Induction Machine)

©

Switch Reluctance Machine (SRM)

Motor speed command ---! |

HV & LV Dattery  wseeseeeseesst
voltage command

i ...... Motor torque
command |

INTERFACE
CONTROL SYSTEM

Motor Models
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MEDIUM

1. Reduced time to market
« Asignificant portion of inverter software (SW) and hardware (HW) can be
developed and validated before motor hardware is available, reducing the

time required in traditional test cells.
« Real-world issues can be predicted, reproduced, and resolved before or
concurrently with dyno or test cell work 9

HIGH

2. Reduced development cost ‘
« Allows for the development and validation of control software (SW) and
inverter hardware (HW), including fault detection and response, without

risking damage to the inverter hardware

®)

3. Higher quality product .
 Real-world issues can be predicted or reproduced and solved prior to or "

in parallel with dyno or test cell work




Capability What it enables Advantage

Real-time Real Power testing

Running SW on real HW

Simulated Motor model

Fault insertion capabilities

Allows spatial harmonics
modelling

Test automation

Faster testing/tuning/calibration

Signal-level integration, testing hardware integration
at the same time

Variance of motors (IPM, IM, EESM, etc)
Validating Inverter compatibility for potential motor
design

Support DFMEA and DVP&R

Complex function development

Faster validation

Full flexibility on operating test
points

Early debugging of HW
functions

Early development and
calibration

Less risky validation

Early development, saves rig
time

Reduce labour costs



How realistic is our Motor Emulator? Transient cases -

OPAL-RT
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measurements Results for machine speed reversal
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Prototype machine Machine emulator

Prototype machine

Results for driving inverter faults

Emulator system



DRIVE
SYSTEM
DESIGN

PHIL Test : Case Study-1

« The focus of this work was to validate an Inverter’'s (Sample A and B) HW and SW functionalities based on system and
component level requirements
« There was fixed number of tests conducted with the help of a P-HiL to evaluate and assigned a pass, fail status

S/N PHIL Test 500 ‘ e 3500
1 Peak and Continuous Current [ EME RMS Gurrent
eedback Speed 3000
2 Stall Capability 400 m!!! e
3 DC current/voltage accuracy ( 2500
X 4 Active Short Circuit _ 01 2000
U 58 5 High Acceleration/Deceleration <§ - , 1500 =
. (\C 6 Passive Rectification § ! g
e" \e 7 Active Discharge 100 [ 1000 @
e*p 3 Inverter Current sensor accuracy through reported J | 500
and commanded torque 0 L_J L L__j - !
9 Power Module temp/ primary control board temp 0
10 Active Fault Mode -100 ‘ ‘ ‘ ‘ -500
0 10 20 30 40 50 60 70 80 20
11 Temperature Fault Detection Time [s]
Active Discharge Feature
20 DC Bus contactor opened' ] T ] ] 800
— i~ Buck- —— T
EME+EME — 0 600 _,
DCI DCE boost inverter |~ Y¥Y——" DUT < =
supply I B = — o
O)—converter - 520 _:: Jao0 §
5 —DC Voltage °
-60 = ‘ ‘ ‘ ‘ L ‘ ‘ 0

10 12 14 16 18 20 22 24 26 28 30
Time [s]




Thank You!

Visit us at our booths #6
to learn more about HIL!
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