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ABOUTOPAL-RT

ÅFoundedin 1997 in Montreal, QC, Canada

Å185 employees(20% growth in 2 years)

ÅUS Offices: Michigan, Colorado

ÅLƴǘΩƭ: China, Germany, France, India, Australia, Chili, 
South Africa

ÅGivingback: over $50,000 raisedin last 5 years
towardslocal charities

ÅWinner of multiple SMB awardsin 2016-2017

OPAL-RT systemshave been mentionedin 
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CORPORATEOVERVIEW

Helping you build  

the best grid

OPAL-RT believes in empowering power 

engineers and researchers with accessible, 

cutting-edge, real-time simulation 

technology in order to accelerate the 

introduction of new technology to improve 

grid performance, reliability and resilience.
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OPAL-RTõS CLIENTS

OPAL-RT 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 OPAl-RT in 40 countries around the 

world.
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OPAL-RTõS ACADEMIC USERS

OPAL-RT 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 OPAL-RT in 40 countries around the 

world. 



2019 Energy Storage Technologies and Applications Conference, Riverside, California

Real-Time Simulation (RTS) 

Applications Overview
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ÅDesktop (OFFLINE) Simulation

ÅTools typically run as fast as possible, which in the case 
of electromagnetic simulation can be very, very slow

ÅExamples: EMTP-RV, PSCAD, ETAP, PSS/e, Digsilent, 
CYME, MATLAB/SIMULINK, PLECS, PSIM

ÅReal-Time Simulation

ÅObjective: to connect and test real devicesand 
systems(Devices-Under-Test = DUT)

ÅRequirement: Ability to synchronize simulation clock to 
a real-time a well implemented combination of 
hardware and software

ÅChallenge: Simulating higher-frequency and/or 
complex phenomena (small timestep)

Real Clock

Desktop Simulations

Large, 
complex 
models

Simple, 
small
models

Real-Time Simulation

Sync must be 
maintained 
between 
simulation and 
Real-Time!

WHAT IS REAL-TIME SIMULATION?
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COMPUTATION VELOCITY AND RTS TECHNOLOGIES

Å A real-time process is defined by a mix of hardware and software systems subject to a "real-time 
constraintά

Å The Real-Time Constraint (B)

ï Operations f(t) done within a fixed time-step Ts (where Ts = tnςtn-1)

ï Operations include(amongother things):

Å Reading Simulator/deviceinput signals

Å Model/algorithm calculations

» Reading Simulator/deviceoutput signals

Å Operations couldbeachievedin faster(A) or slower(C) time steps, whichare referredas offline 
simulator. 

(A) Faster-than-Real-Time (B) Real-Time (C) Slower-than-Real-Time
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RTSAPPLICATIONS
11

Hardware-in-the-Loop (HIL) Power Hardware-in-the-Loop (PHIL)

Rapid Control Prototyping (RCP) Software / Model in the Loop (SIL / MIL)
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Hardware-in-the-Loop (HIL, HItL or cHIL)
13

ÅHardware-in-the-Loop (HIL) testing leverages Real-Time Simulation to connect real equipment and systems, through 
ǎŜƴǎƻǊǎ ŀƴŘ ŀŎǘǳŀǘƻǊǎΣ ŀƴŘ άŦƻƻƭέ ǘƘŜƳ ƛƴǘƻ ǘƘƛƴƪƛƴƎ ǘƘŀǘ ǘƘŜȅ ŀǊŜ ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘŜ ǊŜŀƭ ǘƘƛƴƎΦ

ÅThis allows users to perform realistic closed-ƭƻƻǇ ǘŜǎǘǎ ǿƛǘƘƻǳǘ ǘƘŜ ƴŜŜŘ ŦƻǊ ǘŜǎǘƛƴƎ ƻƴ ŀ ǊŜŀƭ ǎȅǎǘŜƳΩ

ÅWhile HIL typically refers to setups low-voltage level signal connections, Power Hardware-in-the-Loop (PHIL) can be 
employed for higher power testing (see later slide)

Workstation Real-Time Simulator Device Under Test 
(DUT)

DUT examples
Å Controllers
Å SCADA, EMS, DMS, Microgrid 

controllers
Åά[ƻǿ-ƭŜǾŜƭέ ŎƻƴǘǊƻƭƭŜǊǎ
Å Vehicle ECU

Å Sensors
Å Intelligent Electronic Devices 
Å Protection devices
Åά{ƳŀǊǘέ {ŜƴǎƻǊǎ

Å Software systems
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Hardware-in-the-Loop
14

ABB SVC 
Controller
Replica

ABB SVC 
Controller
Replica
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Power Hardware-in-the-Loop (PHIL)
15

ÅAn extension ofHardware-in-the-Loop (HIL),Power Hardware-in-the-Loop (PHIL) 
involves creating a virtual power interface between the digital simulation and devices 
under test

ÅTypically, 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
Å Controllers that sense at 

power
Å Power converters 

(Inverters, rectifiers, 
power supplies)

Å Protection devices
Å Electric machines
Å Batteries, Battery 

management systems 
(BMS)
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Power Hardware-in-the-Loop (PHIL)

Real-Time 
Simulator Power amplifier 4-

quadrant

DevicesUnder Test (DUTs)

Microgrid/GridEmulation

Instrumentation Box

V
Ib Ic

a b c n
Ia

Current
Probes

Control 
Signals

Control 
Signals
(Aout) & 
Feedback 
(Ain)

Inverter+ Battery
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Power Hardware-in-the-Loop (PHIL)
17

Wind

Electric 
Vehicles

Solar

Biomass

Load

New 
technology

Microgrid 
controller

Power Amplifier

Control & 
Protection 
Interface

Test line

Vmes, Imes

Hydro-vǳŜōŜŎΩǎ 
IREQ

Substation

Isim

Vsim

Real-Time Simulator

Storage
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Rapid Control Prototyping (RCP)
18

Å RCP stands for Rapid Control 

Prototyping

Å Definition: RCP involves using the 

flexibility of a  real-time simulator as 

a controller connected to real 

devices to facilitate controller 

development

Å Common application area:

Å Robotics

Å Electric motor control

Å Inverter control
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RAPID CONTROL PROTOTYPING (RCP)
RAPID CONTROL PROTOTYPING CONCEPT
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Software-in-the-Loop (SIL)
20

Å SIL stands for Software-in-the-Loop

Å Definition: The testing of production-grade 

software within the same system as the 

modeled plant.

Å Note: SIL does not actually require a time-

synchronized simulation and, in many cases, 

tests can actually be performed faster than 

real-time with OPAL-w¢Ωǎ ŎŀǇŀōƛƭƛǘƛŜǎ
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SIMULATION ACCELERATION 
21
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HYPERSIM offline : 1 core vs N cores

HYPERSIM vs PSCAD

SIMULATION ACCELERATION 
22

Brazil
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RTS Approach and Fundamentals

23
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ÅBrief background

ï!ƭǎƻ ƪƴƻǿƴ ŀǎ ǘƘŜ ά±-aƻŘŜƭƭΣέ ǘƘƛǎ ƎǊŀǇƘƛŎŀƭ ǇǊƻŎŜǎǎ ŎǊŜŀǘŜŘ ƛƴ 
Germany in 1986 for planning and executing projects (Source: IABG)

ïAdopted and modified heavily for:

ÅProduct development 

ÅSoftware development

ÅSystems engineering

ÅV-Cycle in the Automotive Industry

ïExample: Electronic Control Unit development 

WHAT IS THE V-CYCLE?
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WHAT IS THE V-CYCLE?

Validate
Model Č

Off-line simulation

Virtual Prototype
HIL, RT simulation
3D visualization

Control Prototype
HIL, RT simulation,

Physical Components

Design

Implementation
Production Code

Physical Components

Lab Testing
with actual controller

Integration & Test
In-system commiss-
ioning & calibration

Deployment
Production

Maintenance

This implementation is 
performed by  the software 
team

This implementation is 
performed by the 
control team

This implementation is 
performed by the 
integration team

Models become the method to share
information with disparate 

development teams

HIL

ά!±hL5 w95¦b5!b¢ ah59[ 
59±9[hta9b¢Ηέ
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Model -BasedDesign
26

Boehm, Barry. Software Engineering Economics. Englewood Cliffs, NJ: Prentice-Hall, 
Inc. 1981.
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Testbed tradeoffs
27

Source: R.O. Salcedo, J.K. Nowocin, C.L. Smith, R.P. Rekha, E.G. Corbett, E.R. Limpaecher, J.M. LaPenta, TR-1203: Development of a Real-Time Hardware-in-the-Loop 
Power Systems Simulation Platform to Evaluate Commercial Microgrid Controllers,MIT Lincoln Laboratory, Lexington, MA, Feb. 2016
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BENEFITS OF REAL-TIME SIMULATION

Test Fidelity

T
e

st
 C

o
ve

ra
g
e

High

Low

Lowest Highest

High

Moderate

Low

Cost Legend

Power 
Testbed

Full 
System

Offline
Simulation

PHIL
Å Operate equipment 

at actual power
Å CT, PT instead of low-

voltage interfaces 

HIL
Å Incorporate real systems through 

low-voltage or communication 
protocol interface

HIL VS PHIL
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HIL Architecture
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Microgrid model running 
on OPAL-RT simulator

OPAL-RT RTS

Microgrid Control System (MGCS)
and
Protection SystemPower Electronics Controller

CPU Ts
[10µs-1ms]

FPGA Ts
[250ns-2µs]

Phasor,
Electromagnetic Transient (EMT)
or Hybrid Phasor-EMT

Fast power electronics 
and electric machines

Real-time simulator architecture

eFPGAsim

HYPERSIMeMEGAsim

ePHASORsim
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REAL-TIME SIMULATION TIME SCALE

Å Electromagnetic phenomena

Å Most protection applications

Å Device unit test

Å Protection scheme test

1 µs 10 µs 100 µs 1 ms 10 ms 100 ms

1 MHz 100 kHz 10 kHz 1 kHz 100 Hz 10 Hz

HYPERSIM

eFPGAsim eMEGAsim

nanos seconds
(Time step)

ePHASORSIM

(Transient frequency)
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REAL-TIME SIMULATION TIME SCALE

1 µs 10 µs 100 µs 1 ms 10 ms 100 ms

1 MHz 100 kHz 10 kHz 1 kHz 100 Hz 10 Hz

HYPERSIM

eFPGAsim eMEGAsim

nanos seconds
(Time step)

ePHASORSIM

(Transient frequency)

Å Electromechanical phenomena

Å Wide Area Protection And Control 
(WAMPAC)

Å SCADA system
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REAL-TIME SIMULATION TIME SCALE

1 µs 10 µs 100 µs 1 ms 10 ms 100 ms

1 MHz 100 kHz 10 kHz 1 kHz 100 Hz 10 Hz

HYPERSIM

eFPGAsim eMEGAsim

nanos seconds
(Time step)

ePHASORSIM

(Transient frequency)

Å Resonance & ferroresonance

Å Traveling wave

Å Fast switching power electronics
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SIMULATION TOOL OVERVIEW

Electromagnetic
TransientsSimulator

FastEMT

Phasor
Dynamic
Simulator

(Wide-Area)

ePHASORsim

HYPERSIM

eFPGAsim

eMEGAsim

34
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HIL Architecture
35

To & From Virtual Devices
Commands, Status

GPS Clock

PMU

Antenna

C37.118Analog out

Time sync
RF

Time sync

Relay
IEC61850 SV, 
GOOSE

Virtual Devices

Analog out

Digital 
Comm

Phasor Data 
Concentrator(PDC)

Control Center: Control, 
Applications and HMI

Controller
Modbus, DNP3, etc.Analog, Digital IO

Communication 
Network

Synchropasors

Power Amplifier
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CLOSED-LOOPTESTING

Å Open-loop testing

Relay operation time

Å Closed-loop testing

Relay operation time

Circuit breaker open

Reclose / evolving fault

36



2019 Energy Storage Technologies and Applications Conference, Riverside, California

EXAMPLES OF WORK ON

ENERGY STORAGE USING HIL

37
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nanoGrid: Sonnen
38

Device-Under-Test (DUT)

https://www.opal-rt.com/wp-content/themes/enfold-opal/pdf/L00161_0492.pdf

https://www.opal-rt.com/wp-content/themes/enfold-opal/pdf/L00161_0492.pdf
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V2G: Politecno Torino & RTWH Aachen
39

Estebsari, Abouzar& Tenconi, Alberto & Bompard, Ettore & Huang, Tao & Pons, Enrico & Monti, A & Stevic, Marija& Vaschetto, Silvio & Vogel, Steffen. (2016). A multi-site real-time 
co-simulation platform for the testing of control strategies of distributed storage and V2G in distribution networks. 10.1109/EPE.2016.7695666. 
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V2G: Politecno Torino & RTWH Aachen
40

Estebsari, Abouzar& Tenconi, Alberto & Bompard, Ettore & Huang, Tao & Pons, Enrico & Monti, A & Stevic, Marija& Vaschetto, Silvio & Vogel, Steffen. (2016). A multi-site real-time 
co-simulation platform for the testing of control strategies of distributed storage and V2G in distribution networks. 10.1109/EPE.2016.7695666. 
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V2G: L2EP, Lille, France
41

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

https://www.opal-rt.com/wp-content/themes/enfold-opal/pdf/L00161_0449.pdf
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V2G: Tokyo City University
42

https://www.opal-rt.com/wp-content/themes/enfold-opal/pdf/L00161_0606.pdf

https://www.opal-rt.com/wp-content/themes/enfold-opal/pdf/L00161_0606.pdf
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Application Overview: 

Battery Management System Testing

43
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Å A system comprising of various devices responsible for 
managing a rechargeable battery
ï At the cell level

ï At the cell module level

ï At the pack level

Å Typically, a BMS has 2 control layers:

1. Battery Monitoring Unit(s) BMU
Å Monitoring at the cell level

ï Voltage, current, temperature

Å Performs cell balancing

Å Acts as a slave to the BMS

2. Master/Supervisory BMS
Å Top levelcontroller

Å Centre point of the complete battery status

Å Perform battery control (decision maker)

Å Communicate with other systems

44

What is a Battery Management System (BMS)?
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What is a Battery Management System (BMS)?
45

Battery Nomenclature and Components

Å Cell: 
Å Individualelementsof the battery assembly(chemistries)
Å Voltage range from 3.7V to 4.2V (Lithium-Ion)
Å Capacityin Amp-Hours

Å CellModule :
Å Groupingof individualcells(in series) 
Å Increasesthe voltage output
Å Ranges typicallyfrom 4 to 16 cellsper module

Å Battery Pack
Å Consistsof manycellmodules (paralleland series)
Å Cellmodules in parallelincreasethe maximum 

current/capacity
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IŜǊŜΩǎwhat¢ŜǎƭŀΩǎbattery pack looks like!

One Tesla Model S (P100d) battery pack has:
Å 7104 cells
Å 16 modules, eachwith 444 cells

What is a Battery Management System (BMS)?
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A BMS can have many different functions:
Monitoring
Å Total and individual cell voltage monitoring
Å Temperature monitoring
Å State of Charge (SOC) of the battery
Å State of Health (SOH) of the battery
Å State of Power (SOP) of the battery
Å Current flow management
Å Cell balancing
Å Chassis isolation monitoring

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

Communication
Optimization
Etc.

What is a Battery Management System (BMS)?
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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

What is a Battery Management System (BMS)?
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Typically, an OPAL user will want to test their BMS controller 
as HIL

In order to test a BMS, a battery (or battery emulator) is 
needed

Real batteries can be:
- Expensive
- A source of danger
- Limited (temperature, voltage, current, chemistry)
- bƻǘ ΨŦŀǳƭǘ ǘŜǎǘƛƴƎΩ ǎŀŦŜ
- Required to have necessary chamber(s), chilling, 

chargers, etc

What is a Battery Management System (BMS)?
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Industries where BMS is applicable
50

Any industry that uses high power batteries such as:

ÅAutomotive (electric and hybrid vehicles)

ÅAerospace (airplanes, satellites, rockets etc.) 

ÅEnergy storage (renewable energy, microgrids, 
building energy backup, etc.)

ÅElectrification of transport
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Model -Base Approach to Battery Emulation
51

In one term ĄOPAL-RT REAL TIME ENVIRONMENT
ÅA fully flexible, real-time BMS testingplatform on CPU and FPGA

Å Integrated with MATLAB/Simulink (SimScapePower Systems)

ÅSimulatethe completepower line as well as mechanicalmodel 
with our tools
ÅPHIL
ÅeHS
ÅMOTOR-HIL
ÅARTEMiS
ÅFull support of Simulink (control, communication, 

dynamicmodels, etc)



2019 Energy Storage Technologies and Applications Conference, Riverside, California

Advantages - SPS Battery Model


