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OPAL-RT Introduction

We supply real-time digital simulators to
iIndustry, research labs and educational
Institutions for hardware-in-the-loop (HIL), rapid
control prototyping and accelerated non-
realtime (number crunching) applications
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OPAL-RT: Turnkey HIL Simulators

Hardware, software and integration for
real-time simulation and testing

v We program sophisticated solvers and interfaces
for real-time applications

v" We design full range 1/O signal processing
peripherals (modular mapping boxes, FIU, break
out boxes)

v We develop/integrate application models and
solutions for various industries (automotive,
aerospace, military, power utilities)
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The Challenge of Electric Motor Control Testing

Faster time to market with parallel development and accelerated test:

a proven approach with HIL simulation
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The Challenge of Electric Motor Control Testing

Motor control engineers want :

v To test the motor controller with non-ideal behavior.

v To test the motor controller with different points of
operation, such a saturated states

v" To insert fault conditions

v' To rapidly simulate different types of motors

# High-fidelity and flexible motor simulation
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The Challenge of Electric Motor Control Testing

Managers want to:

e increase test case coverage
 reduce costs
 accelerate time to market

v' By reducing testing time on real dynamometer
v' By detecting errors at earlier stages of the design

v' Faster improvement of complex control strategies

Creation of atechnical link between motor designer
and control engineer — HIL model IS the design
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RT-LAB for ECU Testing and Validation

Virtual Plant

Electronic Control Unit (ECU) Under Test

ENGINEERING SIMULATORS
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Model-based Design (MBD) & Hardware-in-the-Loop (HIL)

Desian Maintenance
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Why use FPGA?

Hang on... First, what's an FPGA?7??

Well, Before FPGAS, years ago...
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What is an FPGA?

Now in one integrated cirduit

Programmable
interconnect

. Connection block

X

FROM IMAGINATION TO REAL-TIME



What is an FPGA?

Yeah, I've heard of Integrated Circuits! What's an FPGA!?!1?
Cells interconnection — Field programmable Gate Array

Logic
cell

.

——

Logic
cell

OPAL'‘RT

Logic
cell

Frogrammakble
Wire Switch

Segment
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What is an FPGA?

Inside a Virtex 5 Logic Cell
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FPGA for Parallel Computing
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Constraints

»Limited Ressources
» Logic Cells
» Memory
» LUTs
> Etc.
» Might not be possible to route the design
> Propagation delays
» Fixed Point calculation

Image Sourcre:

s

OPAL'RT
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http://www.student.uni-kl.de/~alles/fpga/pics/fpga-layout.jpg

FPGAS in Numbers...

Virtex |1 Virtex5 | Virtex 6 | Spartan

Pro (XCBVSXB0T | (XC6VLX240 1"
virtex> & - (XC2VPT) MI_)506 (XC35500)
um ) Rowxcoh  A0x34 120x34  46x34 4634
. F‘FDU Slices
= HER (Logic 4,928 7,200 37,680 4,656
Bt = Cells)
! il
i eyl FlipFlops 9,856 28,800 301,440 9,312
S ?j‘ LUTs 9,856 28,800 150,720 9,312
S = . 44 48 768 20
4 Multipliers

(18x18) (25x18) (25x18) (18x18)
Block RAM 792kb 4,752kb  14,976kb 360kb

OPAL'‘RT
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FPGA

Typically 200 MHz clock

No instruction, everything “executes” at the

same time

Logic blocks are connected together
Floating point is more challenging
(requires a lot of resources)

Routing & dealing with delays are challenging

CPU

Typically 3.3 GHz clock
Operations are executed sequentially

Floating point engine is embedded inside the

chip

16 STAGE PROCESSOR PIPELINE S o
| 1F1 [ 1r2] 173 OS] B2 ABS] sc | 1S [ IRF |

Source
Operand
Read

Instruction Instruction Instruction
Fetch Decode Dispatch

[AGIIBEIBeE exi | rra] r2we/ocH

Exceptions
Data Cache and MT Commit
Access handling

Silicon is capable of high

' ) core frequencies.
TYP silicon | o

Core Frequency (GHz) as

)

Under Embargo until April 1, 8:30pm US pacific time
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Ok! Why FPGA for HIL then?

Advantages compared to CPU-based model processing:

v' Physically near I/O

v Low latency

v Parallel signal processing SN

v' Rapidly improving
capacity
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Why (not) FPGA ?

For most engineers, FPGAs: OPAL-RT’s answer
v Are complex to use » HIL turnkey solution
fixed vs. floating point

v Lack flexibility » Generic approach to FPGA
s Implementation of ANSYS
v' Have low fidelity » Maxwell FEA motor models
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PMSM Solver on FPGA

OPAL-RT latest developments: v Step Time :

v' CPU equivalent 100-450ns

Step Time : v
5-20us

v' Model total Latency:
isa0us I

Model total Latency:
Below 2.5us

OPAL-RT PMSM FPGA Solver

mm) High fidelity modeling + High speed 1/Os
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PMSM Solver on FPGA

OPAL-RT latest developments:

v Upgrade of motor solver to latest FEA software levels

Solver compatible with PMSM spatial harmonics
and VarDQ approach

v’ Streamlining of integration steps

Solver configuration ready in a few clicks with
online reconfiguration of 1/O mapping

v' Improvement of solver accuracy
» Model entirely computed in floating point
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PMSM Solver on FPGA

Implementation:

v' Export Netlist from ANSYS Maxwell Software
» Precalculation of multiple operating points

v Import Netlist into RT-LAB environment
- Use RT-LAB to build your realtime simulation

v Ready-for-Realtime

» Integrate 1/O and any other required application
peripherals
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SYS Realize Your Product Promise™

oPAL-RT Benchmark Simulation

Fluid Dynamics Structural Mechanics Electromagnetics Systems and Multiphysics

Maxwell 16.0



IPM Motor Simulations on LS-DSO

® OS Linux cluster specifications:
» Total CPUs (cores): 48
« Total hosts (nodes): 4

® Large Scale Distributed Solve Option
(LS-DSO)

® Prius motor project
® 17195 variations
Cores used 48
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Maxwell Setup

8} Ansoft Maxwell - Prius_2D_MSBnd_v15_2 - Param_Swesp - 3D Modeler - [Prius_2D_MSBnd_v15_2 - Param_Sweep - Modeler]

& File Edit View Project Draw Modeler Maxwell2D Tools Window Help
N =] B & o) - core_6 - m 9B o o 2 [nPlane  ~ [vacuum -] [Model -
HER
=
|Project Manager x| [5=0
= Prius_2D_MSBnd_v15_2* &
E Param_Sweep (Magnetostati
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8 Excitations A steel_stainless
g Forometers Lines
87 Mesh Operations le. Coordinate Systems
E1-4F Analysis 48 Planes
L L Sept €2 Lists
£ Optimetrics
{133 PorameticSetupl
Results
+ Mg Field Overlays
-0 Definitions
-
Design Settings
Material Thresholds | Background  Matrix Computation
it " Apparent
[Properties oo
Name | Value [ Unit_|[ Evaluated Value | ' Incremental
line 0 A [ Dt
\im 0 0 Dt
speed 3000 3000 Di
noles 8 8 Dt
fireq speed'pales/120 200 Dt [ Save as default
detta 9 -0.3430858503... D
I_A am"sin(T Theta"4+beta +shiff) -0A D
B am*sin(T Theta"4-2'pi/3+beta-shift) [ D
I am*sin(TTheta"4+2pi/3+betasshi) oA Dt
TTheta | Thetal+52.5deg 525deg Dt
beta ] deg  Odeg Dr
shift 30 deg  -30deg Dt oK I
lam Fline i Dr
Thetal |0 deg  |0deg D h
-
<] . b
I
Varizbles [ 5 e 90 (mm)
« .
=
Fl &
B
z £
Ready
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Maxwell Setup

® Alignment of the initial rotor position is
done

® Flux linkage is maximum when theta=0
and lamp =0

—w, L;1;

- < % > ~
- Vd - d IPpm d-axis

OPAL-:‘RT
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IPM Motor Simulations on LS-DSO

Setup Sweep Analysis &J

Sweep Definitions ~ Table lGanemI ] Calculations ] Options ]

® Parametric sweep table of 17195 row [ lel mwer | o] | e |

3867 |50A |1625deg  |40deg
3868 |50A |165deg  |40deg
- Beta = 0:20:360 :

e a = : : 3869 504 1675degq  4ldeg

3870 504 | 17deg 40deg E
_ . . 3871 50A  17.25deg  Aldeg
* Th eta - 002545 3872 508 17.5deg A0deg
3873 508 |17.75deg  4ldeg
—_ . . 3874 504 18deg 4deg
° Iam p - O . 50 200 3875 504 1825dsgq  Aldeg
3876 504 18.5deg 4deg

® Parametric table was run on (LS-DS( & & 20 o
® Results post-processed using Matla & = @ o

. FI n al Table 3383 50A 2025deg  |40deg
* Beta=0:5:360
* Theta = 0:0.25:45

* lamp =
[0,2.5,5,8,11,18,25,37.50,50,75,100,125,150,17
5,20]

® Note: Results were post-processed using

fhe interpolation in Matlab
=

OPAL-:‘RT
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Results — Flux Linkage

® Flux linkage of phase U when Beta =0 deg and lamp = 0A

0.05¢ r r r
— Flux Linkage of Phase U

0.04

o\ /
e\ /

/

-0.03 \ /
-0.04 N—”
-0.05° g ' ' g g ' ' g :
0 10 20 30 40 50 60 70 80 90

Theta, deg
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Results — Instantaneous Torgue

® Instantaneous torque of phase U when Beta = 45 deg and
lamp = 200A

350¢

o\ N /

N AR A
AR
ANy
MYV
IR VAR VR VA VAR VA

\Y V \V}

— Instantaneous Torque

wW

w

o
/

Torque, N.m

0 5 10 15 20 25 30 35 40 45

Theta, deg
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Results — Instantaneous Torgue

® Instantaneous torque of phase U when Beta = 45 deg and
lamp = 200A

350¢

o\ N /
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— Instantaneous Torque
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Results — Incremental Inductance

® Incremental inductance of phase U when Beta = 45 deg and
lamp = 200A
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Note: Maxwell also can compute the incremental
inductance when lamp =0
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Results — Average Torgque

® Average torque of phase U when Beta = 45 deg and lamp =

200A
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OPAL-:‘RT

FROM IMAGINATION TO REAL-TIME

150 200

Beta, deg

250

300

350

Note: For motor mode operation, Beta ranges from 0 deg to
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Results — Instantaneous Flux Linkage

® Instantaneous Flux Linkage

0o0g —
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Results — Instantaneous Flux Linkage

® Instantaneous Flux Linkage

.

f/l—:\\\ . \\\é\\\\
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IPM Motor Simulations on LS-DSO

® Speed-up factor and cores utilizations:

Number Simulation time Cores
of cores (hours) utilization %
1 368.3 1 100%
6 63.7 5.7 95%
12 32.9 11.2 94%
24 16.2 22.8 95%
36 10.9 33.4 94%
48 8.0 46.1 96%
60 6.4 57.6 96%
4.2 90.0 94%

=

OPAL‘RT
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IPM Motor Simulations on LS-DSO

® Simulation time in log scale:

il

~
-

Vi

Time, hours
of

0 10 20 30 40 50 60 70 80 90 100
Number of cores
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IPM Motor Simulations on LS-DSO

® Speed-up factor:

100

80
) /
40 /

0 20 40 60 80 100
Number of cores

Speed-up factor

This graph shows that the simulation time is reduced linearly

. with the increase of number of cores
=

OPAL'‘RT
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Extraction of Results on LS-DSO

® Results for all variations extracted using LSDSO
extractor with —-mergecsv option

Organize »

[ Favorites
Bl Desktop

& Downloads

All results of the
variations are
combined in a
single CSV file

Ui
=l Recent Places

- Libraries
3 Documents
J‘. Music
= Pictures

E Videos

1M Computer
& os(c)
—u DATAPARTL (D)

&‘ﬂ Network

13 items

OPAL'‘RT

Include in library «

Share with =

Mame

@ Matrixd LGroupl Groupl.csv
@ Matrixd LGroupl Group.csv
@ Matrixl LGroupl Group3.csv
@ Matrixd LGroup2 Groupl.csv
@ Matrid LGroup2Group2.csv
@ Matrid LGroup2Group3.csv
@ Matrid LGroup3Groupl.csv
@ Matrid LGroup3Group.csv
@ Matrid LGroup3Group3.csv
@ Matrid MagFluxGroupl.csv
@ Matrid MagFluxGroup2.csv
@ Matrid MagFluxGroup3.csv
@ Torque2Torque.csv

Date maodified

7/31/2013 9:21 AM
7/31/2013 9:21 AM
(2013 9:21 AM
1/2013 9:21 AM
7/31/2013 9:21 AM
7/31/2013 9:21 AM
7/31/2013 9:21 AM
7/31/2013 9:21 AM
7/31/2013 9:21 AM
7/31/2013 9:21 AM
7/31/2013 9:21 AM
7/31/2013 9:21 AM
7/31/2013 9:21 AM

Type

Micrasoft Excel C...
Micrasoft Excel C...
Micrasoft Excel C...
Microsoft Excel C...
Microseft Excel C...
Microseft Excel C...
Microseft Excel C...
Microseft Excel C...
Microseft Excel C...
Microseft Excel C...
Microseft Excel C...
Microseft Excel C...
Microseft Excel C...

)

Size

3433 KB
3447 K
3447 K
3447 K
3433K
3447 K
3447 K
3447 KB
3433 KB
3,403 KB
3,398 KB
3,408 KB
3,378 KB
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RT-LAB I/Os are fully programmable with Xilinx System Generator

- Plant model exported from Maxwell, is integrated with 1/O & any peripheral plant model
components in Simulink to be compiled for real-time.

- Xilinx System Generator is a FPGA Simulink blockset
* No need to know VHDL language

- User can customize the I/O for complex applications

Simulink Simulation
Sine Wave Gateway In Multiplexer —_—
T Slice 18bit ~ Multiplier
Vi bl Tpt |
~—F—m [ab]—ma Adder DataOUT
- b ' Slice 18 bit (ah) w2
Data_IN in2 ! » (@bl —wb 27 ath ploutt Out —»(1)
DatalN o ’-ph Data_OuUT
El—b DIN —={ <cast
constant5 .
FP_A_DIO  Simulnk L
v Scope DAC_ch1-0 pezout |
- P€  Gateway Out MezIN AO
Systemn L] —dbl  Tpt —— MezCtrnffleZCtriOut —p-
Generator ’-’ DAC MezA_IO
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Conclusion

v

v

FPGA will soon be the reference for HIL testing

High-fidelity HIL model on FPGA is a reality

Large scale parametric analysis of (example) Prius Motor was done to prepare data
for OPAL-RT software using ANSYS Maxwell software

v

v

Motor prototyping is ready

Enhanced control algorithm validation is now possible on HIL

Faster test means lower cost

Motor and controller designer can work closely together —
The exported Maxwell model (Design) IS the HIL plant model
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