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ABOUTOPALRT

A Foundedin 1997 inMontreal, QC, Canada

'vmnﬂo“ '
rttatbad e

A 185employeeq20%growth in 2year9
A US Offices: Michigan, Colorado

A L y:Cleirfa, Germany, Frandadia, Australig Chili,
SouthAfrica

A Givingback: over $50,00@aisedin last Syears
towardslocalcharities

A Winner of multiple SMBwardsin 20162017

OPALRTsystemdhave beermentionedin

3 ﬁ @ i
International
BUSINESS AWARDS
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DVERVIEW

Helping you build
the best grid

OPALRT believes in empowering power
engineers and researchers with accessible,
cutting-edge, reattime simulation
technology in order to accelerate the
introduction of new technology to improve
grid performance, reliability and resilience.
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OPALR T @SENTS

OPALRT has gained the trust from over 800 customers, including many Fortune 500 companies, academic
institutions and institution labs. More than 2000 people are currently uSIRgIRT in 40 countries around the

world.
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OPALR T @SENTS

OPALRT has gained the trust from over 800 customers, including many Fortune 500 companies, academic
institutions and institution labs. More than 2000 people are currently using &HALD 40 countries around the

world.
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OPALR T @SENTS

OPALRT has gained the trust from over 800 customers, including many Fortune 500 companies, academic
Institutions and institution labs. More than 2000 people are currently using &HAD 40 countries around the
world.
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OPALRT has gained the trust from over 800 customers, including many Fortune 500 companies, academic
institutions and institution labs. More than 2000 people are currently using {&HALD 40 countries around the

world.
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Real Time Simulation (RTS)
Applications Overview

2019 Energy Storage Technologies and Applications Conferdieerside, California

——

BN OPAL-RT

—smWl TECHNOLOGIES

faaé,Winston Chung



WHAT ISREAELTIME SIMULATION?

A Desktop (OFFLINE) Simulation
A Tools typically run as fast as possiblewhich in the case
of electromagnetic simulation can be very, very slow

A Examples EMTRRYV, PSCAD, ETAP, PSSBgsilent,
CYME, MATLAB/SIMULINK, PLECS, PSIM

A RealTime Simulation

A Obijective: to connect and test real devices and
systems(Devices Under-Test = DUT)

A Requirement: Ability to synchronize simulation clock to
a realtime a well implemented combination of
hardware and software
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Real Clock

11, 12 1
10 2
9 3

Desktop SimulationsReatTime Simulation
Large, 1, {° 1 1, % 1
complex 10 * 2 “ 10 \‘ 2 /
models ° 3 9 3
Sync must be

Simple, 2 1c
smaﬁ)l 1011\i 1 5 “ maintained
models @ 3 between

: : : simulation and
A Challenge: Simulating higher-frequency and/or RealTime!
complex phenomena (small timestep) eartime:
UNIVERSITY OF CALIFORNIA ) . . . i i ) 9 .
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(A) Fasterthan-RealTime (B) RealTime (O Slowerthan-ReatTime

Computation ‘ f_(t"') k f(tn+1) 'k.('t“"'é)k . Computation f(tn) | ™~ f(ths1) N N Com[;{ui;ation [ ........... \ f(t“) ....... \ }\ : f(t":'*‘l); S
f(t) " f(t) " t K "
Sim. Clock * K + K ‘( * > Sim. Clock * \‘+ u > Sim. Clock * * *
tn

tn-l tn tn+1 tn-l tn+1 tl‘l-l tn tn+1

A A realtime process is defined by a mix of hardware and software systems subjectdal-dirhe
constrainti

A The Reallime Constrain(B)
I Operationdf(t) done within afixed time-step T, (whereT, =t qt,,)
I Operationsgnclude(amongother things):
A Reading Simulatodeviceinput signals

A Model/algorithm calculations

» Reading Simulatodeviceoutput signals

A Operationscouldbe achievedn faster (A) orslower(C) timesteps whichare referred as offline
simulator.

UNIVERSITY OF CALIFORNIA
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RTSAPPLICATIONS

Hardware-in-the-Loop (HIL)

WORKSTATION

REAL-TIME SIMULATOR

ACTUAL SYSTEM

Contrellers, Protective Relays
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Power Hardware-in-the-Loop (PHIL)

ACTUAL 5YSTEM

PV, Wind Farms, Motars, Loads,
Controllers, Protective relays

WORKSTATION REAL-TIME SIMULATOR

POWER AMPLIFIER

£

A

Rapid Control Prototyping (RCP)

ACTUAL DRIVE &
MECHATRONIC SYSTEMS

WORKSTATION REAL-TIME SIMULATOR

(Simulated Controller) LA )
un T|&
C e
« Model Edit * CPU Computing

+ Real-Time control * FPGA Firmware

& vizualisation * Fast I/0 and signal processing
« Parameter change + System communication
* Data acquisition + Real-Time data acquisition

R UNIVERSITY OF CALIFORNIA
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WORKSTATION REAL-TIME SIMULATOR
- (simulated Controller)

* Model Edit * CPU Computing

+ Real-Time contral * FPGA Firmware

& vizualisation
» Parameter change
* Data acquisition
« Validation plan application
« Validation plan development

* System communication
* Real-Time data acquisition
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*@:‘g@.Wmston Chung
\\@¥." Global Energy Center



BN OPAL-RT

—smWl TECHNOLOGIES

Hardware-in-the-Loop (HIL,HItL or cHIL)

A Hardwarein-the-Loop (HIL) testing leverages Réahe Simulation to connect real equipment and systems, through
aSyaz2NB yR | Oldza 62NARSE FYR aF22té¢ OGKSY Ayiaz OGKAY]1A

A This allows users to perform realisticclode@® 2 L) (1Sa0a ¢A0K2dzi 0KS ySSR FT2N

A While HIL typically refers to setups lawltage level signal connections, Power Hardwiarthe-Loop (PHIL) can be
employed for higher power testing (see later slide)

DUT examples
A Controllers
A SCADA, EMS, DMS, Microgrid
controllers
AG ZgHL0St ¢ O2y (NP
o P A Vehicle ECU
A Sensors
A Intelligent Electronic Devices
Workstation RealTime Simulator Device Under Test A Protection devices
(DUT) AG{YINIE¢ {SyazNa
A Software systems

“““““““““““““““““““““
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Hardware-in-the-Loop

REAL-TIME SIMULATOR

Hydro
Québec
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Power Hardware-in-the-Loop (PHIL)

A An extension oHardwarein-the-Loop (HIL)Power Hardwarein-the-Loop (PHIL)
involves creating a virtual power interface between the digital simulation and devices
under test

A Typically, the power interface involves power amplifiers (Voltage and/or current), which
must be selected carefully depending on the application to act as a source or sink

DUT examples
A Controllers that sense at
ACTUAL SYSTEM power
Pgé;gi_rodlgpégﬁ}ﬁs. A Power converters
P (Inverters, rectifiers,
’ power supplies)
Protection devices
Electric machines
_ Batteries, Battery
......................................................... SEI!E’RS -‘ management Systems
(BMS)

WORKSTATION REAL-TIME SIMULATOR POWER AMPLIFIER

To T I

UNIVERSITY OF CALIFORNIA
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Power Hardware-in-the-Loop (PHIL)

Instrumentation Box

@ T O

5
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I'
Il
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INTERCONMECTION LNIT

albjc
Control la lb Ic
Signals _
DevicedUnder TestQUTS$
Control Inverter + Battery
Signals
(Aout) & ?
Feedback — 3
(A|n) E s =
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L T
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Power Hardware-in-the-Loop (PHIL)

Hetwaork Simulstor-in-the-Loop
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Hydro
Québec

iy

Power Amplifier

Wind
( = Test line
®
Electric Hydrov dzS 6 S
Vehicles Voo IREQ
— mes’ ‘mes Substation
“‘.__ Control &
Solar Protection
S Interface
3
————
Biomass 4@
Microgrid
controller
New ]
Load technology RealTime Simulator

2019 Energy Storage Technologies and Applications Conferdieerside, California

~

-

wéeWiHStOH Chung


http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjcq8veo4_QAhUf0IMKHdgpAMwQjRwIBw&url=http://sprng.eu/tag/icons/&psig=AFQjCNGSSuqfcF_M5YhLIECQ18IBP1HGVA&ust=1478354996645034
https://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjurfLQpI_QAhUO24MKHVGABJ0QjRwIBw&url=https://www.iconfinder.com/icons/822123/car_electric_transportation_icon&bvm=bv.137901846,d.amc&psig=AFQjCNHZPI6AGGGndYO8Qrn0hCtVf5WdZA&ust=1478355250358132
http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjAsJCQpY_QAhUMw4MKHWkLAR0QjRwIBw&url=http://renewableenergy.ie/&bvm=bv.137901846,d.amc&psig=AFQjCNEH05srIV0XCtIfEPmcAikKI7R9kg&ust=1478355371634789
http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiLopj6pY_QAhXm7oMKHWPiCL0QjRwIBw&url=http://yourgdp.com/&bvm=bv.137901846,d.amc&psig=AFQjCNFfn7Ta0LTAAjAnKxzMDtSXJpXpKA&ust=1478355521560663
http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjMkenHpo_QAhUH2IMKHeGdCEgQjRwIBw&url=http://www.solarstik.com/products/energy-storage/&bvm=bv.137901846,d.amc&psig=AFQjCNEs4668i1OdD_M-NvZV80sQdNdvuQ&ust=1478355747418096
http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiJt_Lap4_QAhUH7IMKHWA7CLUQjRwIBw&url=http://4vector.com/free-vector/electric-power-plug-icon-clip-art-117333&bvm=bv.137901846,d.amc&psig=AFQjCNFjerXPTFT398ls2Zk8cL25gKQOMg&ust=1478355999704491
http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi4lJSHqY_QAhXh64MKHW83CgcQjRwIBw&url=http://cliparts101.com/free_clipart/70470/Green_Energy_Icon&bvm=bv.137901846,d.amc&psig=AFQjCNEKgbMhD2MW878YFgSP6YYYGztsZQ&ust=1478356431116473
http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjqgYbkqY_QAhWk7YMKHbBXBXkQjRwIBw&url=http://www.tongapower.to/&bvm=bv.137901846,d.amc&psig=AFQjCNElIYM-63xUMhPy_HA5eWJiev1hZw&ust=1478356594379880
https://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwinjaeNr4_QAhUDzoMKHQNiA2AQjRwIBw&url=https://www.iconfinder.com/icons/387258/connect_electric_electrical_electricity_energy_network_power_supply_icon&bvm=bv.137901846,d.amc&psig=AFQjCNESJJVf0KSwIfHl-8ynSo2BwgYPKg&ust=1478358056162256
https://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi29-iKsI_QAhVJwYMKHYGICW0QjRwIBw&url=https://www.iconfinder.com/icons/1472975/current_current_source_digital_electric_electronic_source_icon&bvm=bv.137901846,d.amc&psig=AFQjCNGNg_LLcKI1PrkE0Yr5zIYPT9YXYQ&ust=1478358299124348

Rapid Control Prototyping (RCP)

» RCP stands for Rapid Control
Prototyping

A Definition: RCP involves using the

flexibility of a reatime simulator as
RT-LAB N
a controller connected to real >

devices to facilitate controller y — N
development woRELZTor " Simulated Controler)
A~ Common application area: * Model £at + CPU Computing
* Real-Time control " FPGA Fnrmwa_re -
» Robotics  Pamete trange e cammcaton
» Data acquisition * Real-Timedata acquisition
x» Electric motor control
A Inverter control
Rimvmﬁﬁ§giﬁ\ﬁ 2019 Energy Storage Technologies and Applications ConferdRieerside, California
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RAPID CONTROL PROTOTYPIN®NCEPT B QL RT

WORKSTATION REAL-TIME COMPUTER
- (Simulated Controler)

« Model Edit * CPU Computing
« Real-Time control * FPGA Firmvare ,

& vizuzlisation * Fast 10 and signal processing
« Parameter change * System communication
« Data acquisiticn *» Real-Timedata acquisition

LTIy
UNIVERSITY OF CALIFORNIA
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Software-in-the-Loop (SIL)

A SIL stands for Softwara-the-Loop

» Definition: The testing of productioigrade

software within the same system as the
modeled plant. T
o — N

WORKSTATION REAL-TIME SIMULATOR
— (Simulated Controller)

A Note: SIL does not actually require a time
synchronized simulation and, in many cases, © Vodel Edit . CPU Computing
tests can actually be performed faster than oo ! system communication

. Parametgr change

reaktime with OPAlWwW ¢ Q& OF LI 60 A £ A i Ae&e@oiorn
» Validation plan application
«» Validation plan development

* Real-Time data acquisition

UNIVERSITY OF CALIFORNIA
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m amazon

HY P E R S I M web services™

On Demand

SIMULATIONACCELERATION

64cores® @

HYPERSIM \

WORKSTATION SIMULATOR

16cores @ @

NG ——

» Optimized 0S
« Multi-Core processor

» Model editing

» generate & compile
Virtual Simulators

optimized code * Dedicated FPGA i con .
* Simulation management » Data acquisition ost Computer
& control

« Simulation visualization

4 .
azz@.W1nston Chung
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SIMULATIONACCELERATION amazon
webservices™ HYPERSIM

On Demand
HYPERSIM offline : 1 core vs N cores
Mumber of cores
1 2 4 8 12 16 32
38-bus 735 kV HVAC Transmission Systems 1.0 2.0 4.0 7.2 7.3 7.0 5.4
Brazilian network 1.0 3.6 5.8 11.2 13.8 14.7 10.7
= Brazil .
B Performance speed gain vs number of cores
16.0
® 950 3-phase buses
140
® 16 12-pulse converters 120
® 500 transmission lines = 10.0 e 3B-bILIS TSE KV HVAC
= Transmission Systems
& BO B razilian network
Run on 9 cores @ T
) & 60 \
50 ps with 1/0! &
40
20
0.0
1 2 4 5 12 16 32
HYPERSIM vs PSCAD
UNIVERSITY OF CALIFORNIA
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RTS Approach and Fundamentals
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WHAT IS THB/-CYCLE? .

%%

A Brief background

. w Ve A 4 % v = /@ N = A A %
(1taz 1y26§2R8f GKS dwkAa INI LKAOL 7% & ONBIl SR
Germany in 1986 for planning and executing projects (Source: IABG) (:93}60 \&?9"
I Adopted and modified heavily for:
AProduct development
A Software development
A Systems engineering
Av-C | —
i E SRS elopr
: @t
Rimvﬁﬁhﬁgiﬁmﬁ 2019 Energy Storage Technologies and Applications ConferdRieerside, California 7«:57é,WinSt0n Chung
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WHAT IS THB/-CYCLE?
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Desian Maintenance
J Models become the method to share
information with disparate
A : development teams i
o Validate I
@%) Model & Depdoyment
?¢  Offine simulation Production &
7 N
’>g% A N y 4 &
”2@/) Virtual Prototype >  Integration & Test Ooo&
s, HIL, RT simulation In-system commiss &
% 3D V|suaI|zat|on |on|ng & callbratlon Q/Q"
o o Control Prototype
This implementation is

performed by the

HIL, RT simulation,
control team

Lab Testing
Physical Component

with actual controller Th's implementation is

performed by the
\ ’ HIL integration team
Implementatlon

This implementation is

Production Cod a!thL5 w95 b5!'b¢ ahb59]
[ lRleof e e 59+9[ hta9b¢HE
performed by the software Physical Component
VERSITY OF CALIFORNIA team
RlVERSI DE 2019 Energy Storage Technologies and Applications Conferdieerside, California
Bourns College of Engineering
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Model-BasedDesign
< |1 T
@ o
o Defect
ec
g >‘ Prevention
~
7]
:
.—
5]
]
©
(+4
Requirements Design & Rele'ase Release
Build to Test to Field
Time | -
100X Decrease in Cost of Removing Defects
Boehm, Barry. Software Engineering Economics. Englewood Cliffs, NJ: R+afifice
Inc. 1981.
RIVER DE 2019 Energy Storage Technologies and Applications ConferdRieerside
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Testbed tradeoffs

Applications of a Real-Time Simulator

Figure modified from the concept originally proposed by MIT-LL

Simulation Controller HIL Power HIL Power Testbed Full System

I =
W E Inv G

C C C C DMS
...................................................... l |
nc pnc
Testbed cost ++ +++
Test Fidelity +/- +++
Test Coverage +/- -

Source: R.O. Salcedo, Ngwocin C.L. Smith, R.P. Rekha, E.G. Corbettl. iiRaecherJ.M.LaPentaTR1203: Development of a Re@ime Hardwarén-the-Loop
Power Systems Simulation Platform to Evaluate Commercial Microgrid Contridll&rkjncoln Laboratory, Lexington, MA, Feb. 2016

* Test fidelity depends on purpose and model validity. For Power Testheds, fidelity depends on equipment used and
similarities between that and the real installation.

* Test coverage also depends on purpose. Simulation only does not allow testing of equipment per say, but with good
models, it is a powerful tool for design studies. CHIL provides the best coverage for testing Microgrid Control Systems,
allowing fault scenarios, transitions and dispatch scenario functional testing.

UNIVERSITY OF CALIFORNIA , i
RIVER DE 2019 Energy Storage Technologies and Applications ConferdRieerside, California T@f&@ngIlStOIl Chung
Bourns College of Engineering g ‘



HIL VS PHIL

High

Test Coverage

~ Offline
Simulation

Low

low-voltage or communication
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@ A Incorporate real systems through Cost Legend

protocol interface

O Low

(O Moderate

@ High
A Operate equipment
at actual power
A CT, PT instead of lew
voltage interfaces

Power Full
Testbed System

»

RIVERSIDE

Bourns College of Engineering

Lowest

Test Fidelity

Highest

[ 4 &
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HIL Architecture

1111111 Digtal /Os
LM
Analog I/Os

\N\NANSNS

100100011100100
Communication Protocols

Tmmnnn

-

Battery Storage
Controller

RIVERSI DE 2019 Energy Storage Technologies and Applications ConferdRieerside, California 7@:57é‘Winst0n Chung
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Realtime simulator architecture

Microgrid model running
on OPALERT simulator

%! eMEGAsIim %! HYPERSIM

%! ePHASORSsIm

CPUTs

[10us-1ms]) Phasor,
' Electromagnetic Transient (EMT)

BN eFPGAsIm or Hybrid PhascEMT

Fast power electronicy
and electric machines

Microgrid Control System (MGCS)
and
Protection Syste

Power Electronics Controller

- RIQE™ X f...----mmﬂly

OPALRT RTS
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REALTIME SIMULATIONIIME SCALE
(Transient frequency)

1 MHz 100 kHz 10 kHz 1 kHz 100 Hz 10 Hz
------- H—ttt -+ttt —t—
NZNoS 1 us 10 us T00 US  (rimestep) 1MS 10ms 100msS€conas
% eFPGAsIim % eMEGAsSIim %!ePHASORSIM

% HYPERSIM
13.8kV/500kV 500kV/66kV/66kV

A/Yg

Yg/Yg/A

CB2
L1, 500kV, 300km I % %I__I@

Bourns College of Engineering

Vabc_WES_LINE
==Y/probe1.a ==\probe 1.b ==\probe1.c

To To Io I

labc_WES

plications Conferdieerside, California

Electromagnetic phenomena
Most protection applications
Device unit test

Protection scheme test
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REALTIME SIMULATIONIIME SCALE

(Transient frequency)

OPAL-RT

—smWl TECHNOLOGIES

1 MHz 100 kHz 10 kHz 1 kHz 100 Hz 10 Hz
e et
NZNoS 1 us 10 s 100 US  (rimestepy L MS 10ms Toomseeends
% eFPGAsIm % eMEGASsIm %!ePHASORSIM
% HYPERSIM
A Electromechanical phenomena
A Wide Area Protection And Control
(WAMPAC)
A SCADA system
L . . . . [ 4 .
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BN OPAL-RT

REA':TIME SIMULATIONTIME SCALE =@l TECHNOLOGIES

(Transient frequency)

1 MHz 100 kHz 10 kHz 1 kHz 100 Hz 10 Hz
------- e
hanes————
«— 1lps 10 ps 100 ps (Time step) 1ms 10ms 100msseconds
% eFPGAsIim % eMEGASIim %!ePHASORSIM

|A Resonance &erroresonance
1A Traveling wave
| A Fast switching power electronics

||||||||||||||||||||
5 5 5 | 5 5 5 5 5 : o . . L g ;
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SIMULATIONTOOL OVERVIEW

Electromagnetic & Electromechanical Phenomena
Number T
of 3-Phase

Temporary Overvoltage
Transient Overvoltage Resonance & Ferroresonance

'\Instantaneous Values

Buses

g ePHASORSIM
20,000 I

10,000
Phasor & s A AL ,
g, Dynamic ' 3.
Simulator _
2500 (W|de.Area) %! eMEGAsIm RMS Values
1000 %! HYPERSIM " v

Steady State Electromechanical Oscillation

b | Electromagnetic

O
aee
wu®
us
wus®
wus
aun®
sun®
wn®
-----
.
-----
--------
.
wus
L
wu®
ans®
wus
aun®
ans®
wus
aus®
_ann

, TransientsSimulator :
1049 ﬂ eFPGAsIm
N Time scale
L ] L ] L] L] ] L] —
fs  1oms S0ps 10ps Ay 100ms  dops (reauency)of
(1Hz) {(100Hz) (20KHz) (100 KHz) (1 MHz) (10 MHz2) (100 MHz) phenomena

4 .
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HIL Architecture J) %@%

Antenna

e | GPS CIOCk R
..‘-;‘* . ae | T T T T R T|me svnec
m Time sync
l I 45T Communication
. | /\/ ﬂ | —— Phasor Data Control Center: Control,

OPALAT Concentrator(PDC) Applications and HMI

- IEC61850 SV, .y Digital Synchropasors .
: s33 F — Comm :
= o § * Analog out S | ass——) E— — e
ava A S i
— e — - - . [ Se

Modbus, DNP3, etc.

Power Amplifier

RIVER DE 2019 Energy Storage Technologies and Applications ConferdRieerside, California
Bourns College of Engineering

7<a¢é, Winston Chung




CLOSEBLOOPTESTING

A Openloop testing

A Closedoop testing

BN OPAL-RT

—smWl TECHNOLOGIES

; %104 . . ; % 10% |
la la
I Ib
. WD & /K‘ X /x\\ ©
OO RO
-1 ' -1 '
0.15 0.2 0.25 0.3 0.15 0.2 0.25 0.3
1 _Trip 1 _Tri|:|
0.5 0.5
0 0
0.15 0.2 0.25 0.3 0.15 0.2 0.25 0.3
T(s) T(s)
Relay operation time
Circuit breaker open
Reclose / evolving fault
RIVERSI DE 2019 Energy Storage Technologies and Applications ConferdRieerside, California 7{5¢é,Winst0n Chung
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Bourns College of Engineering

EXAMPLES OF WORK ON
ENERGY STORAGE USING HIL
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nanoGrid: Sonnen sonnen

Power Electronics Model using eHS

WINDOWS HOST PC
ﬂ PV Inverter %
SFP

RS232
4x 5 Gbits/s 0P451 0 ot use Production
Modbus Protocol

Multicore :
RAM =) IRV .

Motherboard -

Ts: 295 ns , L 1
» i

D/A  A/D DO DI DO* DI* External/Optional

LT L1 1

Real — Time Results Yo NG ek AR (6 Ik

*Optionak RS422 or fiber optic

Load
Panel

LiFePO4
Batteries

Internal sonnen computer(control) O sonnen

21 07

DeviceUnderTest (DUT)

2017 sonnen GmbH

https://www.opal-rt.com/wp-content/themes/enfoldopal/pdf/LO0161 0492.pdf
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V2G:Politecno Torino & RTWH Aachen

Management

.'ff V2G model %
strategies € ‘ MATIAB
MULINK

__L

.
OPAL- BT >
.

A4

: A -
. ]
(" Distribution )| 5 ==/ o ;_-“J
: | network model ' i :
AT e v : i WP H . i
- et Tiv puwnl] J v

(4B Distributed )

orAL-RT /

| A Manas A
: SIMULINK  —
i\ SIMULINK

-----------------------------------------------------------

_ Voltage and Pow

D SEESL >  Control manage!
Fig.2. Structure of the proposed case study implem
platform.

Fig.7. Prototypal bidirectional power converter: (a) detail of the power electronics control signals

EstebsatiAbouzar& Tenconj Alberto &Bompard Ettore & F communication interface; (b) test bench setup. he
co-simulation platform for the testing of control strategies of distributed storage and V2G in distribution networks. 10.1829/HER7695666.
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V2G:Politecno Torino & RTWH Aachen

Substation 1 Substation 2 x4 Substation 3

1 & I% MV/LVY Table I: Simulation results

V2G distributed
V2G concentrated in . “f’ riuted Percentage
o substation 2, MWh in 3 different variation
) ’ substations, MWh
120 vehicles
(a) Net energy absorbed - )
i = 55.5 55.6¢ +0.1%
Substation 1 Substation 2 x4  Substation3 from the HV network 55.58 64 0.1%
HV/MV % I:‘@ R) Rﬂ) I:&a MV lines losses 0.36 0.34 -6.5%
= = - HV/MYV transformer losses 1.02 1.02 0%
I I I MV/LV ftransformers losses 0.12 0.22 +87%
1 2 MV/LV MV/LV MV/LV Vehicles losses 0.32 0.28 -12%
3 5 7
4 V2G 6 V26 8 V2G
50 vehicles 40 vehicles 30 vehicles
(b)

EstebsariAbouzar& Tenconj Alberto &Bompard Ettore & Huang, Tao & Pons, Enrico & Monti, 3t&vi¢ Marija & Vaschetto Silvio & Vogel, Steffen. (2016). A maite reattime
co-simulation platform for the testing of control strategies of distributed storage and V2G in distribution networks. 10.1B20/ER7695666.
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V2G: L2EP, Lille, France

Nominal Wind Farm
power=6,8 MVA

f 1] Substation
_@/ 90KkV/15kV
\ -
N
@vr

MV Network NS

@ Substation

” Open Switch

\[
A}\

447 nodes
361 lines
81 Low Voltage Transformers 15kV/400V
1000 customers
Installed Photovoltaic Power = 1385 kWc

{
j‘ r/f\ Furthest point
L \
\4_“ \
‘.! [\‘
‘( ‘\(\

Ny

/
/
/
\\f
\
\

[

2L 2P

OPAL-RT

TECHNDOLOGIES

=)
( v Laboratoire d'électrotechnique et
d'électronique de puissance de Lille
P consump
i e e = EE—
Pl TCP/IP
,[ ) Hub
| IS & FTP server
: - Q!
| Power distribution ;
ook faoyf Phasor/ fuov gy 4T e
! | — GPRS
i P stion pEVI 2
i I Charging station 2
PLCG1
. Pey ret Lo o, o [ =
i ) " P 1
: E i Smart Smart 2
! Psubstation Lol | R . meter3 |meter2 [
‘———3 Supervision MR )

SoCey | Strategy Pen

|

Legend:
Measurement

Charging station 1 )
, Smart

-
- h meter 1

_

N
.

— References

— Simulation

— Estimation

EVs Emulators

Real time simulator

https://www.opal-rt.com/wp-content/themes/enfoldopal/pdf/L00161 0449.pdf
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https://www.opal-rt.com/wp-content/themes/enfold-opal/pdf/L00161_0449.pdf

OPAL-RT
V2G: Tokyo City University - REEAHAR - Rr R

TOKYO CITY UNIVERSITY

Test Results of Frequency Regulation by EVs

= ——without EV simulation
——with EV act
51.5 with EV simulation
EV Battery O~ — = i
Test-bed 2 51
(16kWh, i-MiEV) - { : r— -
(3kW, NIchnko;\H =- g . ( A AN TY )
== = y (] ‘ ‘
—— .‘; e % ' V { A J ¥ \’( V
. / ‘, L 495
Real-time Controlle:v L‘ - , \ y
(Triphas;eNV.) R b _ = -
' G ;| 485
" 5dmin]a N
4goc; 650 700 750 800 850 900
Time [s]
https://www.opal-rt.com/wp-content/themes/enfoldopal/pdf/LO0161 0606.pdf
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Application Overview:
Battery Management System Testing
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OPAL-RT

TECHNOLOGIES

What Is a Battery Management System (BMS)?

A A system comprising of various devices responsible for
managing a rechargeable battery
i Atthe cell level
I Atthe cell module level
I Atthe pack level

A Typically, a BMS has 2 control layers:

1. Battery Monitoring Unit(s) BMU

A Monitoring at the cell level
i Voltage, current, temperature
A Performs cell balancing

A Acts as a slave to the BMS
2. Master/Supervisory BMS

A Toplevelcontroller

A Centre point of the complete battery status

A Perform battery control (decision maker) .

A

Communicate with other systems e

RIVER I DE 2019 Energy Storage Technologies and Applications Conferdtieerside, California
Bourns College of Engineering g
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OPAL-RT

TECHNOLOGIES

What is a Battery Management System (BMS)?2

Battery Nomenclature and Components [ I

A Cell; [ Module
A Individualelementsof the battery assemblychemistrie3

A Voltage rangdrom 3.7V to 4.2V (Lithiuaon) I
A Capacityin Amp-Hours (

A CellModule : >
A Groupingof individualcells(in serieg 280
A Increaseshe voltage output 240
A Rangesypicallyfrom 4 to 16cellsper module 200

A Battery Pack
A Consistof manycellmodules parallelandserieg 80 n

A Cellmodules inparallelincreasethe maximum w0
current/capacity oEI

Lead Acid NiCd  NiMH LTO LFP LMO NMC LCO NCA

IIIIIIIIIIIIIIIIIIIIII
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What Is a Battery Management System (BMS)?

| S Nihexd S 4 batte€yPack looks like!

Tesla Model-S The entire battery pack
weighs 1,200 pounds...

18-650 Battery

Lithium-ion
battery

16 battery modules or
7104 batteries make

Module of up the total Tesla-S
444 batteries “battery pack.” Lithium
ivalent
One Tesla Model S (P10Gmttery pack has: cquivalen
A 7104cells ...but only 15 pounds
A 16 modulesgachwith 444cells (7kg) is lithium. About the
weight of a bowling ball.
RIVERSI DE 2019 Energy Storage Technologies and Applications ConferdRieerside, California aé, Winst()n Chung
Bourns College of Engineering =& Global Energy Center
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What Is a Battery Management System (BMS)?

State-of-health State-of-charge

A BMS can have many different functions:

Monitoring

Total and individual cell voltage monitoring ARG o ,

Temperature monitoring Al ASeC
i Stored

State of Charge (SOC) of the battery S SoH

State of Health (SOH) of the battery

Dud

energy in

the form
State of Power (SOP) of the battery of charge

Current flow management
Cell balancing
Chassis isolation monitoring

Computing CELL BALANCING

R30C

T> T T T T T T> I

A Charge Current Limit (CCL) & Discharge Current Limit (DCL)
A Energy Delivered in kWh
A Number of cycles

Communication

Optimization

Etc.
Rimvwﬁﬁ§giﬁ\ﬁ 2019 Energy Storage Technologies and Applications Conferdieerside, California 7@3;égWinston Chung
Bourns College of Engineering g -



What Is a Battery Management System (BMS)?

A general control algorithm of a BMS will:

- Measure cell voltages

- Measure and control current discharge and charge
- Calculate State of Charge (SoC)

- Monitor temperatures

- Balance cells actively or passively during charging

IIIIIIIIIIIIIIIIIIIIII
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What Is a Battery Management System (BMS)?

Typically, an OPAL user will want to test their BMS controller e )
as HIL | e

4 (" Model { Model

of

Fieal-time Simulator
Model |

In order to test a BMS, a battery (or battery emulator) is E AR E N
needed s I
Battery emulator | [
Real batteries can be: pra—— L
- Expensive ot | ca_ | [ e[
- A source of danger Ry el | Gl |
- Limited (temperature, voltage, current, chemistry) e
-b20 WFILdzA O GSAdAYIQ &1 FS
- Required to have necessary chamber(s), chilling,
chargersetc
RlVERSlDE 2019 Energy Storage Technologies and Applications ConferdRierside, California »;g.‘égWinston Chung
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Industries where BMS is applicable

Any industry that uses high power batteries such as:
A Automotive (electric and hybrid vehicles)
A Aerospace (airplanes, satellites, rockets etc.)

A Energy storage (renewable energy, microgrids,
building energy backup, etc.)

A Electrification of transport

UNIVERSITY OF CALIFORNIA
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Model-Base Approach to Battery Emulation

In one termA OPAERT REAL TIME ENVIRONMENT
A Afully flexible, realtime BMSestingplatform on CPU and FPGA

A Integratedwith MATLAB/SimulinksimScap®owerSystem}

A Simulatethe completepower line asvell asmechanicamodel
with our tools
A PHIL
A eHS
A MOTORHIL
A ARTEMIS
A Full support of Simulink (control, communication,
dynamicmodels etc)

IIIIIIIIIIIIIIIIIIIIII
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Advantages - SPS Battery Model

Block Parameters: Battery X

Battery (mask) (link)

Implements a generic battery that model most popular battery types. Temperature
effects can be specified for Lithium-Ion battery type.

Parameters  Discharge  Temperature
Type:

Lithium-Ion

Temperature

Simulate temperature effects

Use a preset battery:

3.6V 48Ah (LiNiO2) M

Nominal voltage (V)
3.4

Rated capacity (Ah)

48

Initial state-of-charge (%)

[100 |

Battery response time (s)
[30 |

Cancel Help Apply

]

RIVER I DE 2019 Energy Storage Technologies and Applications ConferdRieerside, California
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