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Abstract

Motor HILS (Hardware-in-the-loop simulator) has been recognized for many years now as
an essential design and testing tool of motor drives, for increased product reliability, shorter
time to market and lower total design cost. However, there remained many needs of the
motor HILS to be addressed. Among these needed features are: more accurate models,
more powerful simulators with distributed processing, etc.

Finite-Element Analysis based motor HILS, resulting from the integration of IMAG-RTR tool
with RT-LABR simulator, addresses and fulfills these requirements. IMAG-RT-based Motor
HILS of a complete permanent magnet synchronous motor drive can be conducted today on
RT-LAB HILS at sub-microsecond time steps on powerful new FPGA resulting in
unprecedented simulation accuracy.

And the integration with multi-processor platform yields a full motor HILS with high accurate
motor model, ultra-fast drive simulation and distributed multi-rate simulation enabling the
integration of other parts of the designed system (electrical, mechanical, hydraulic, etc), for
a complete system HILS.

The presentation discusses all these items and describes the latest
advancements in motor HILS.
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Abstract

= Motor HILS (Hardware-in-the-loop

simulation) JMAG RT-LAB

= |Integration of JIMAG-RT® tool with RT-

LAB® HILS simulator l l,

- motor HILS at ~ 1 us

= All types of faults on the motor drive
supported (open/short-circuit)

. Real-Time HILS
= Multi-processor HILS platform on eDRIVEsim Motor HILS

- alarge system HILS (CPU, FPGA)
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Outline
A. Overview B. Latest Advancements
% Introducing Opal-RT % FPGA-based Motor HILS
% Hardware-In-the-Loop %  Features
Simulation = RT-LAB o2 Fault modes

% Finite-Element Analysis < HILBox OP5600
- JMAG-RT

% JMAG-RT & RT-LAB
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Latest Advancements in Motor Hardware-In-the-Loop Simulation (HILS)
based on RT-LAB & JMAG-RT

A. OVERVIEW
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Introduction of Opal-RT

e Distributor

Real-Time Digital Simulators

Rapid Control Prototyping
Hardware-In-the-Loop simulation
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eDRIVEsim : Motor Drive RT Simulator
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eMEGASsim : Power System RT Simulator
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Power
System
Libraries
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Applications Versus RT-LAB Real-Time Simulators

Electrical Applications vs. Real-Time Digtal Simulator Product Family

Controllers Prototype Controllers
Mechstronics Systems

I Motor Drives

Voimge ovurce Converters
AC-Fed Drives
Multi-Level & Matrix Converters
Train Traction Systems

AC Grids

& Protection Systems
Thyristor—-based HVDC & FACTS
IGBT-based AC/DC converters and
Windfarm AC/DC Grids
Smart Grids

Ships and Aircrafts

~
i
FACTS

-
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Hardware-In-the-Loop Simulation
. . e N
3 Hardware In-the-Loop Simulation (HILS) HIL Simulator
u Real-time simulator is connected to
actual hardware Controller
<> Electric Motor HILS
n Hardware in the loop with electric motor
drive simulated on the HILS, and connected . >
to actual/prototype controller
% il ?}2 Industrial Motor Drive = [ Wotor }
\ ey e
t | [ PMSM Motor
Drive
Multi-Level Motor Drive
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RT-LAB HIL Simulator

Host PC

. — e =
| RT-LAB HIL Simulator Ethernet 3
E [ PCl-Express bus 3
i Simulink "g”lti' Simulink Multi- 1
' 1L i / ore i /Core '
(_» RT Comm. PCle CPU & Shared = CPU ;
' Board Adaptor Memory i
5 Xilinx V4 i
EBIockset = E FPGA CAN ;
! —_— Carrier Board ! :
] RS232, ... i

: p/A|l [A/p][[po]] b

Physical Device
connected to RT-LAB real-time platform
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RT-LAB HIL Simulator - Features

- PC- & FPGA-based, multi-processor, multi-core
<> Simulink model-based design
<> Inputs/Outputs:
u Ultra-fast FPGA-based 1/Os
n Digital, analog, PWM, encoders, resolvers, etc
* Real-Time OS (Real-Time Linux, QNX)
w» Very fast sample times:
] Intel & AMD Processor Target: 5 - 10 ps
n Xilinx FPGA Target: 0.2 —2.0 us (Model update at: 5-20 ns)
Features
g Speed: Very small simulation step down to 0.25 us (FPGA), 8 us (PC
processor)
<> Scalability: Support of complex simulations with modular distributed
processing:
n On multi-processors
] On multi-cores
= On multiple FPGA boards
& Accuracy:
n Different types of electric motors (PMSM, BLDC, IM)
u Inverter dead-time, Regenerative braking
n Fault conditions and modes
= Modeling of saturation effects of magnetic material using Finite Element-based

model in real-time (from JMAG-RT)
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FEA-based Simulation compared to formula conventional model

Impossible to
run it in real-

/_SThey both can be
time (RT) A simulated in RT
Saturation effect, either on CPU or
Complex geometry FPGA.
FEA model Available in Opal-
> RT library of
v’ Accurate Accurate models.
% Slow v Fast
Accuracy of
motor
model
. dq model
No saturation effect,
Sinusoidal variation x Approximate model
v Fast
>
Very slow Very fast
Hours ~ Minutes N N Micro ~ Nano sec
Calculation time
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How JMAG-RT is integrated in RT-LAB simulator

JMAG-RT
pre-analysis Xilinx RT-XSG

Blockset Library

JMm’ The inductance and

flux tables are
w&- computed in advance

JMAG-RT from JMAG software

- E Ei E? @mata Other parts of
Sm"t;h)’("l;'mz;dlel reot f the drive system
(with Xilinx Blockset) simulink ‘ —\ " (Mechanical,

113 I}} Rectifier, etc)
Inverter Motor
Blockset FPGA

e Automatic
Code Generation

Distributed

O Real-Time Model
on eDRIVEsim

Motor Drive ECU
under test
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FPGA-Based motor HILS - Description

X3

2

Complete motor drive:

= DC link, inverter, motor
[ ] Internal PWM generator for autonomous testing
] PWM input capture and analog outputs
. Different angle sensors emulated: Incremental, Resolver, Hall effect
n Mechanical load can be easily added on CPU
< Motor model is based on JMAG-RT®
<> Implemented on powerful Virtex 6 FPGA (also Virtex 2, and Virtex 5)

<> Completely designed in Simulink® and Xilinx® Blockset

N L coding; and is easily modifiable by the user

s
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»
D
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Model Structure in RT-LAB

SIMULINK Multi-CPU Model

Simulink

CPU1 Model

1

1

1

1

1

i

pata Auxiliary Models Data E
Extraction (mechanical load, etc) Packing !
i

1

[}

1

4

FPGA Model
Simulink, Xilinx Blockset
Data Motor Drive Model on Data ¢
Packing F PGA Extraction
SIMULINK
JMAG-RT
Copyright (c) 2010 Opal-RT Technologies. All Rights Reserved JMAG Users Conference 2010 16

11-9



December 9-10, 2010 JMAG Users Conference 2010

Example Model - HEV

Hybrid Electric Vehicle
Slow components:

SIMULINK Si . -ICE
imulink
- Clutch
- Vehicle dynamics
- Battery, etc...
—
Electric powertrain:
- Motor
- Inverter
Simulink, Xilinx Blockset [ERULIEETTELTAC [
googooon
B i
B g
Teass o
T
¥ s
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Typical Simulink Model for FPGA on RT-LAB

Simulink Simulation Opal-RT blocks are yellow
Sine Wave yin Muitiplexer  Mutiplier Xilinx blocks are blue
dbl  fpt Stice 18 bit Regular Simulink blocks are green
- >— a Adder DataOUT
o et slice 18 bit ah) »la
Data_IN in2 h 73 ) ath plout! Out—w{ T )

Data_OUT

DatalN Convert
E'—b DIN cast
onstant5 .
FP_ADIO  Simulnk Ll:
s' DAC_ch1-0 pporout

Scope  Gateway Out Y - A0
‘ ™ ez

™ dbl  fpt Mezm"Methrlmy
DAC MezA_IO

Generator

Link to CPU model

The example model:

= multiplies two numbers coming from another subsystem (DatalN)
= adds a number coming directly from the digital input block (DIN)
= the result is sent to the analog output (DAC-AO)

= and sent to other RT-LAB subsystems (DataOUT)
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Modeling for FPGA from within Simulink — PMSM Drive
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Modeling for FPGA from within Simulink — Dead Time Example

¥

o

load
din
rst
en
Counter

out

deadTime

Example: Implementation of dead-time in XSG
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Motor Drive Library for FPGA

% Opal-RT delivers a library of advanced motor drive models.
% This library of FPGA models contains :

m PMSM machine
= BLDC machine
m JMAG-based PMSM model
m  3-phaseinverter model
= Internal PWM modulator with dead-time
m Resolver encoder, resolver-to-digital decoder
m Quadrature encoder
= Hall effect sensor
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Latest Advancements in Motor Hardware-In-the-Loop Simulation (HILS)
based on RT-LAB & JMAG-RT
B. LATEST ADVANCEMENTS
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FPGA-Based Simulation with JMAG-RT and RT-LAB

Previously (2005+)
= FPGA:
o FPGA Virtex 2 Pro
= Model:
o Motor data on CPU
o Motor model on FPGA
o Motor data sent to FPGA

o Data interpolated on FPGA

“g

ETY:

Inverter

Latest Advancement
(2009/2010)
= FPGA:
o Virtex 5
o Virtex 6
= Model:
o Complete motor (model +
RTT data ) on FPGA
o Room for additional
circuitry & functions on
the FPGA
o Option to simulate two
motor drives on FPGA

Inverter
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RT-LAB FEA-based PMSM Drive implementation on Virtex-6 FPGA

CAN,
FlexRay

FPGA
(Virtex 6)

internal 3-phase
voltage source  PWM modulator

Torque,
speed,

Current &
voltage

Upper gate selector
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Torque
(JMAG-RT)

i
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Motor Simulator Timings & Latency

% Timing - The PMSM drive model :

m runs with an equivalent 5 nanosecond time step (200 MHz Virtex-6 FPGA card)
m has an update of 200 - 300 nanoseconds (PMSM machine DC-link and inverter)

[ The motor drive is directly connected to digital inputs and analog outputs with 1
microsecond settling time on the FPGA card and has a resulting total hardware-in-
the-loop latency of 1.2 - 1.5 microseconds

%  Total Delay “from Timed Digital Inputs to Analog Outputs”
< Motor drive HILS: “from Gate Signal Inputs to Current Outputs”

% Latency (maximum values)
] CPU Target - 2.Ts-3.Ts Simulator

m FPGA Target 2>12-13us
(Ts : Time Step) Model >

TDI [ D/A |
H Latency > ﬂ
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Total Latency Measurement

Delay : «<PWM in—to—Current out» (1.3-

Measurement of delay 15 us)
from PWM transition to
current change
N
+
Current
output
Current PWM input
output
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Additional Features and Modes in RT-LAB HILS

s The HIL simulation of two motor drives on the same FPGA board (Virtex
6) is supported

-0

o

O .‘E
SA0608 55

<> Regenerative breaking is supported (when electric braking energy is
sent back from the PMSM back to the battery through the inverter)

< The DC link in front of the inverter can be modeled with its Inductance
and capacitance equivalent circuit
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Additional Features in RT-LAB HILS 2 SimPowerSystems

% Optional Interface with SimPowerSystem
(Special solver developed by Opal-RT for real-time)
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Fault modes

D

%  The PMSM drive model support all these types of faults:
m  IGBT open/short-circuit

m Diode open/short-circuit

m  Motor stator short-circuits (phase-GND, phase-phase)

] DC-link short-circuit

¢
1<

X Fault possible locations

ﬁ J@ ® Measurement locations
] J@ J@
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Example: Open Stator Test
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Example: Phase to Ground Short Circuit

Currents
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Simulator Chassis

OP5600
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New HILS platform: OP5600
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Conclusions

% The combination of RT-LAB & JMAG-RT gives the user the
most advanced motor HILS

% JSOL and Opal-RT are pioneers in answering the needs of
the motor drive design and testing by continuously being at
the forefront of new developments

Real-Time HILS

on eDRIVEsim Motor HILS
(CPU, FPGA)
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Thank you !
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