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Vorführender
Präsentationsnotizen
Good afternoon everybody, I hope you don’t feel so sleepy after this lunch, I will do my best to keep you awake.I am very glad to give this presentation about power systems HIL simulation, the challenges currently faced in this industry and some approached to tackle these challenges.
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CONTENTS

Vorführender
Präsentationsnotizen
The thread of the presentation is the following:First, let’s discuss a few challenges in the power systems areaThen, we will discuss how real-time simulation can help tackle these challengesA first focus will be done on distributed generation with microgrid applicationsAnd a second focus will be done on long-distance transmission lines with HVDC applicationsFinally, we will conclude on how real-time simulation can help for test and validation in the power systems area



• Uni-directional

• Simple generator controls with local protection system

• Mostly passive loads

3
TRADITIONAL TRANSMISSION POWER SYSTEMS

Transmission Distribution

Vorführender
Präsentationsnotizen
As you know, the traditional transmission power systems are mostly unidirectional, from producer to consumer.The control, even if I wouldn’t call it easy, was definitely easier to manage with local control and protection, without intermittent and stochastic behavior and with loads mostly passive.



• Multi-directional, intelligent and 
communicating networks

• Integration of new technologies
 Renewables, V2G, storage…

• More complex controllers
 HVDC converters, FACTS, STATCOM…

• Sophisticated measuring and protection 
devices
 Substation automation, synchrophasors, SCADA 

systems, …
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CHALLENGES OF NEW POWER SYSTEMS

Image : http://www.hitachi.com



Integration of intelligent transmission and distribution grids with decentralized 
generation and microgrids

5
CHALLENGES OF NEW POWER SYSTEMS

Wide area control

Vorführender
Präsentationsnotizen
A global wide-area protection and control (Special Protection Systems) is required to integrate these intelligent grids.By protection system, we are not talking anymore only about power transmission but especially about ICT as well.
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CHALLENGES OF NEW POWER SYSTEMS

Increased number of controller functionalitiesNew and more complex applications 

New type of equipment and large scale system

Merging
Unit

PDC WAM

PMU

Interoperability and new communication protocols 

DNP3 C37.118 IEC61850

OPC-UAIEC104 SCADA

Vorführender
Präsentationsnotizen
Several challenges are introduced:Cybersecurity  a malicious person could introduce some threats on the networkCompliance with communication standards  several communication standards are being developed every day to make Ethernet more secure and deterministicInteroperability  different manufacturers, the responsibility of the total performance and damages will be distributed… which organization will be accountable?



Tests on the field are, by experience:
 Difficult to handle (logistics, impacts, ...)

 Expensive (time, resources, equipment, …)

 Sometimes hazardous (power systems, moving parts, …)

Simulation tools allow:
 Verifications all along the project

 Early detection of errors (design, implementation & integration)

 Almost infinite test capabilities (faulty cases, hazardous tests, …)
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TACKLE THESE CHALLENGES BY TESTING, TESTING, TESTING

Vorführender
Präsentationsnotizen
Tests on the field  Lack of flexibility
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9
REAL-TIME SYSTEM ARCHITECTURE

Simulator
Model execution

Data logging
I/O management

ethernet

CPU cores
Parallel

computation

FPGA
I/O management & sub- microsecond 

model execution
Device

under test

Various I/O boards & protocols available

Host PC
Model edition

Simulation management
Graphical interface

Analog & Digital I/O



Real-time constraint: 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 < 𝑇𝑇𝑠𝑠

• 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 depends on the model size and the model complexity

• 𝑇𝑇𝑠𝑠 depends on the model dynamics
 Mechanical: 𝑇𝑇𝑠𝑠~1𝑚𝑚𝑚𝑚

 Power systems:𝑇𝑇𝑠𝑠~50𝜇𝜇𝑚𝑚

 Power electronics: 𝑇𝑇𝑠𝑠~10𝜇𝜇𝑚𝑚
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WHAT IS THE REAL-TIME CONSTRAINT ?

Measure
Compute

Comand

Measure
Compute

Command
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SIMULATION METHODS

Real controller, simulated plant

Simulated controller, real plant

Real plant, simulated plant

All simulated



Purpose:
• Test integration between systems handling power

• Emulate power devices and their environment
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FOCUS ON PHIL – GENERAL INFORMATION

Plant
(physical controlled system)

Controller
(control algorithm)

Partly Simulated, 
partly real. Use of a power 

amplifier.
Real or Simulated

Vorführender
Präsentationsnotizen
Most of the time, it is a physical converter connected to the PHIL set-up.I encourage you to have a look at SINTEF’s work in this regards in the context of Best Path project, which has used PHIL methodology to validate the integration of off-shore wind farms in power systems using HVDC links.
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FOCUS ON PHIL – MICROGRID LAB – L2EP (FRANCE)
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Definition

A microgrid is a group of interconnected loads and 
distributed energy resources (DER) within clearly defined
electrical boundaries that acts as a single controllable
entity with respect to the grid. A microgrid can connect and 
disconnect from the grid to enable it to operate in both
grid-connected or island-mode.1

1 – Microgrid definition extracted from the U.S. Department of Energy (DOE) Microgrid Exchange Group (MEG)
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INTRODUCTION TO MICROGRIDS
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INTRODUCTION TO MICROGRIDS

Power Systems Power ElectronicsReal-Time Interaction

 Ship power systems
 More electrical aircraft
 Etc…

Components
Wind turbines

Photovoltaic plants (PV)

Energy storage units

Generators (diesel, etc)

Electrical Lines (short lines)

Loads, Controls, AC grids

Components
Wind turbine converters

PV inverters

Energy storage inverters

Grid-tie inverters

Vorführender
Präsentationsnotizen
OPAL-RT’s vision on microgrids real-time simulations: Initially limited to the most classical power systems components, microgrids simulations are now expanding to very detailed power electronics, and, most important, the interaction between the two.



• Simulation of large microgrids and distribution systems heavy
computaion load

• Parallel processing decoupling techniques based on line 
propagation delays

• Can be compensated in AC systems with long transmission lines, 
but…

 It is not the case for microgrids…
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CHALLENGE 1: COMPLEX AC SYSTEM WITH VERY SHORT LINES

Delay Delay

Vorführender
Präsentationsnotizen
When simulating large microgrids and the distribution systems they are connected to, parallel processing is required in order to distribute the computation load.



ARTEMiS-SSN is a power systems solver that takes advantage of both
state-space and nodal approaches

• Solve state-space tasks in parallel on different processors  Benefit
from parallel computing

• Compute all the common admittance nodal equations on one 
processor  No delay introduced

All this within the same simulation time step.

This technology is unique to OPAL-RT.
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CHALLENGE 1: COMPLEX AC SYSTEM WITH VERY SHORT LINES

YV = I



ARTEMiS-SSN allows the power systems engineers to:

 Decouple a microgrid without introducing artificial delays due to the decoupling technique in use

 Decouple a microgrid without being a parallel computing expert

 Decouple a microgrid without using/adding long transmission lines, stublines, etc
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CHALLENGE 1: COMPLEX AC SYSTEM WITH VERY SHORT LINES



Power converters have to be simulated at faster rates 
compared to the AC system they are connected to.

Those performances can only be achieved by simulating the 
power converters on FPGA.

But, FPGA programming is typically more challenging than
CPU programming…
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CHALLENGE 2: FAST POWER ELECTRONICS COMPONENTS

Typical
Application 

Typical
Frequency

Typical 
Time Step

Temperature control 1 Hz 1 second

Human Vision (video) 24 Hz 42 ms

Aircraft Model (simulation) 200 Hz 5 ms

Robotics 1000 Hz 1 ms

Fuel Engine Control 10 000 Hz 100 us

Power Grid Simulation (AC systems) 20 000 Hz 50 us

Low frequency Power Electronics 100 000 Hz 10 us

Finite Element PMSM Motors 2 500 000 Hz 0.4 us

High Frequency Power Electronics 5 000 000 Hz 0.2 us

Vorführender
Präsentationsnotizen
Power converters play a very important role in microgrids.For viable accuracy to be achieved, update rates below 2 microseconds typically need to be reached by the simulation platform.



eHS (electrical Hardware Solver) enables to simulate fast power converter
circuits with time steps ranging from 150 nanoseconds to 2 microseconds

 No FPGA expertise or programming needed

 Direct interface with OPAL-RT schematic editor or Simscape
PowerSystems, PSIM, PLECS or NI Multisim

 Test different scenarios without rebuilding code

eHS is interfaced with slower AC systems running at 20 to 50 µs on standard 
multi-core simulators with ARTEMiS-SSN
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CHALLENGE 2: FAST POWER ELECTRONICS COMPONENTS



Real-time interaction between all microgrid components

Controller Hardware-in-the-Loop (C-HIL) - 1us

Detailed power converter simulation:

• Dedicated solver for power electronics on FPGA

• Fast sampling D/A and A/D for measurements

• Fast sampling DI and DO for PWM
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APPLICATION: MULTI-AGENT SYSTEM

Vorführender
Präsentationsnotizen
Inverter controller (PWM – V/I measurement)



Virtual grid to interact with actual SCADA systems

Monitoring and reporting of various measurements

Time-critical communication networks such as:
• IEC 61850 GOOSE and SV

• IEEE C37.118

• DNP3

• Modbus

• IEC 60870-5-104
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APPLICATION: SUPERVISORY CONTROL

Vorführender
Präsentationsnotizen
Microgrid controller (IEC61850 GOOSE communication protocol)



Interface between a virtual grid and actual emulators, inverters, 
motors

Increased stability

Power amplifiers (and selecting the right one)

• Power / Bandwidth

• 2Q vs 4Q / AC vs DC

• Sampling frequency
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APPLICATION: POWER-HIL

Vorführender
Präsentationsnotizen
Fraunhofer Ilmenau: test of some non-linear loads with a high harmonic content  check the impact on the grid wouldn’t be too harmful



As-fast-as-possible simulation

Dedicated processing / computing power

Faster-than-real-time results

• Data recording and reusability

• Fast commercial off-the-shelf processors, upgradable

• Running compiled executables
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APPLICATION: ACCELERATED MODE
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LIVE DEMO: MICROGRID + 615 NODE DISTRIBUTION SYSTEM

Vorführender
Präsentationsnotizen
Distribution network of 615 nodes with a microgrid  1 core at 50 us using SSNDynamics of the microgrid, external microgrid controller to achieve power balance, frequency and voltage support24-hour profile with variation of irradiance, wind and loadPMU blocks to stream data via C37.118 which can be connected to any compatible PDCFault on distribution networks can be performed  switch from grid-connected mode and islanded modeScenario 1: generation not enough to supply the load  effect on demand response and load sheddingScenario 2: too much generation compared to the load  curtailment of generation sources
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LIVE DEMO: MICROGRID + 615 NODE DISTRIBUTION SYSTEM

Vorführender
Präsentationsnotizen
Microgrid controller testing  GOOSE messages exchanged with SEL DPAC that sets the operational points of the DERs.
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LIVE DEMO: MICROGRID + 615 NODE DISTRIBUTION SYSTEM

Vorführender
Präsentationsnotizen
BESS inverter simulated in FPGA at a switching frequency of 6kHz (time step of 1us)Control algorithms running in Imperix BoomBox platform.
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• Many advantages vs HVAC
• Less electrical losses
• Easy decoupling of AC grids
• Better controllable
• Cost affordable for longer distances

• Challenges
• Complexity of converter
• Complexity of controller
• Complexity of signal management
• Communication between control and converter station

30
HVDC LINES: BENEFITS AND CHALLENGES
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TYPICAL SET-UP OF AN MMC STATION

Pole Control and Protection (PCP) Valve Base Controller (VBC) 

MMC Station MMC Valves

Vorführender
Präsentationsnotizen
High-level control with PCP / Low-level control with VBC  this control needs to be tested!
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TYPICAL SET-UP OF AN MMC STATION

Vorführender
Präsentationsnotizen
Control replicas are used to de-risk HVDC studies: power system simulation and MMC valves detailed simulation within the same real-time simulator. How can we simulate so many cells and make sure to interface our system to manufacturer controllers?



• MMC converter: lot of submodules  number of I/Os required very high:
• 1 half-bridge cell: 2 digital signals (command for each transistor) and 1 analog signal (capacitor voltage) are required.

• 1 full-bridge cell, 4 digital signals and 1 analog signal are required.

• Example with 50 cells per valve (or arm)  6 × 50 = 300 cells per converter:
• Half-bridge topology  600 digital and 300 analog I/Os required (only for the submodules)

• Full-bridge topology  1200 digital and 300 analog I/Os required (only for the submodules)

 PCIe overloaded with such a high amount of data
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LIMITATIONS OF CPU SIMULATION

Vorführender
Präsentationsnotizen
At each time step, the PCIe link can’t transfer thousands of signals without affecting them. That’s why CPU simulation is strongly unadvised for MMC simulation with a lot of cells (50 cells is considered as the extreme limit for CPU simulation).
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SOLUTIONS BROUGHT BY FPGA SIMULATION

Vorführender
Präsentationsnotizen
Instead of using standard analog and digital I/Os through copper wire, Aurora communication protocol through optical fiber (SFP optical interface) is preferred. A huge amount of information can be exchanged easily at fast speed with Aurora while PCIe communication is more limited. In order to avoid transfer via PCIe link, the MMC model is not designed anymore inside the CPU but inside the FPGA.FPGA – FPGA direct connection with SFP connectors using Aurora communication protocol (up to 5Gbit/s) or a custom-made as each manufacturer has their own communication protocol that must be implemented on the simulatorNo need for DAC  no noise and lower latencyOptical fiber communication instead of copper  better bandwidth, better signal quality over long distanceInformation of power amplifier status can be monitored directly inside the model



• Modular Multilevel Converters for HVDC
• 2 converters

• N submodules (SM) per arm (N  500)

• Up to 5 switches per SM

 Up to 30 000 switches per converter at 250 ns time step

• MMC: Types of submodules
• Half-Bridge

• Full-Bridge

• Clamp-Double

• T-Type
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MMC MODELS FOR HVDC - CAPABILITIES
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MMC MODELS FOR HVDC – GENERAL MMC VALVE MODEL

Grid model

Valve model

SM2

SM1

SMn

Ival

Vsp & Vsn

Ival

Ival

a

b

D1

+_ Vsp

D2

+_ Vsn
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HVDC – POWER SYSTEMS MODEL – FOCUS ON HYPERSIM

Vorführender
Präsentationsnotizen
Validation: comparison with offline simulation tools
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HVDC – POWER SYSTEMS MODEL – FOCUS ON HYPERSIM

Vorführender
Präsentationsnotizen
Collaborative developmentBased on decades of research by Hydro-Québec on one of the world’s most complex transmission power systemsConsumption very far from production, lot of hydro electric stations…President, CEO and founder: Jean Bélanger has spent 25 years at Hydro QuébecAlso developers of EMTP-RV and Simscape Electrical (previously SimPowerSystems)OPAL-RT has a strong background on power systems
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HVDC – POWER SYSTEMS MODEL – FOCUS ON HYPERSIM

SCOPEVIEW
Visualization

TESTVIEW
Automation & Reporting 

HYPERSIM
Modeling

Vorführender
Präsentationsnotizen
HYPERSIM: design the model using blocks in library, set the parameters, start the simulation and interact with it by tuning variables on-the-flyOne-line diagram tool: as opposed to SPS for example with one line for each phase, usually preferred by power system engineersSame tool for offline and real-time simulation: keep the same model running offline on your own Windows laptop wherever you are, and come back to the office, connect to the simulator and run the HIL simulation just by a click of a button  no need for different tools, gain of time, more user-friendlyScopeView: visualization, post-analysis, mathematical operationsTestView: automatic testing without having to type a single line of code, pre-made sequences and reports made automatically
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HVDC – POWER SYSTEMS MODEL – FOCUS ON HYPERSIM

Vorführender
Präsentationsnotizen
The user designs its own model by using the built-in HYPERSIM libraryInclude control, power system network and I/O libraryHundreds of verified components such as: protection relays, lines, transformers, machines, switches/converters, filters/loadsExtensive documentation
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HVDC – POWER SYSTEMS MODEL – FOCUS ON HYPERSIM

Vorführender
Präsentationsnotizen
No need to manually decouple your model in several cores  decoupling transparent for the userDecoupling in 2 cores create a delay of one time step, inherent to any real-time simulation toolReal-life: long lines  delayWe take advantage of this to decouple in several cores where there are long lines  no loss of accuracyThe user can now force tasks to specific cores in order to optimize the automatic task mapping.



• Plot signals when HYPERSIM simulation is 
running

• Save and reuse templates

• Trigger the acquisition

• Various mathematical operations available

• Plot data from different sources et export 
data
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HVDC – POWER SYSTEMS MODEL – FOCUS ON HYPERSIM

Vorführender
Präsentationsnotizen
Trigger the acquisition on a given event, for example a breaker openingCompare different results coming from different sources and from your HYPERSIM running simulationPlot data from MATLAB, EMTP, PSCAD… and export data in pdf, jpeg, MATLAB…



• Test automation tool with full palette of 
functions for scripting

• View, print or generate pdf reports on the 
fly

• Import model parameters and test cases 
from Excel

• Automatically generate reports 
containing tables and plots
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HVDC – POWER SYSTEMS MODEL – FOCUS ON HYPERSIM

Vorführender
Präsentationsnotizen
Allows to optimize your HIL simulator by performing tests 24 hours a day 7 days a week
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USER CASES: SEVERAL MMC PROJECTS IN CHINA



• Example of MMC-HVDC link INELFE (Spain-France)
• 2 VSC-MMC links of 1000 MW (Siemens converters)

 401-levels

 4800 half-bridge submodules

 9600 IGBTs

• DC voltage: +/- 320kV

• Commissioned date: mid 2015
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USER CASES: INELFE PROJECT – RTE

Source: www.siemens.com



• RTE real-time laboratory for HVDC projects with control replicas
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USER CASES: INELFE PROJECT – RTE

Vorführender
Präsentationsnotizen
Replica: exact copy of the actual control and protection system installed on-site.Study replica: functional verification, dynamic performance and protection studies.Maintenance replica: help the preparation of on-site maintenance operations and operator trainings. It includes testing and validation of the upgraded system version before field implementation. 
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FULL HARDWARE-IN-THE-LOOP SET-UP

Virtual Power Grid Digital I/O

Analog I/O

Analog I/O

AMPLIFIER

IRIG-B/GPS time synchronization

IEC 61850 (MMS, SV, GOOSE)
C37.118 (Master, Slave)
DNP3, OPC UA, MODBUS

Protection Relay

Phasor Measurement Unit (PMU)

Phasor Data Concentrator

SCADA

FACTS,SVC, MMC, HVDC Controls

REAL COMPONENTS

Converters, Inverters
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THEY TRUST US
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MMC TEST BENCH: RWTH AACHEN UNIVERSITY

Source: https://www.promotion-offshore.net/news_events/news/detail/successful-completion-of-the-factory-acceptance-test-of-the-mmc-test-bench

https://www.promotion-offshore.net/news_events/news/detail/successful-completion-of-the-factory-acceptance-test-of-the-mmc-test-bench
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JOIN US TOMORROW AT RT SPOTLIGHT USER CONFERENCE !

Reference: https://magazine.rpi.edu/spring2018/features/resilient-power-grid.html

QUESTIONS ?

https://magazine.rpi.edu/spring2018/features/resilient-power-grid.html
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