-
gy

IEEE POWER
O r S O O I l - ELECTRONICS SOCIETY
Powering a Sustainable Future
£2ED
=
SR> LC

gUete 0

FPGA-based simul
power systems g

5?"Dece@a3019 p
SEA




AGENDA

> w e

OPAL-RT TECHNOLOGIES
CONTEXT & CHALLENGES
FPGA-BASED SOLUTIONS

APPLICATION CASES
= MOTOR DRIVES
= DISTRIBUTION GRIDS
= TRANSMISSION GRIDS (HVDC)

PN OPAL-RT

—ssm@l TECHNOLOGIES



OPAL-RT TECHNOLOGIES

‘ OPAL-RT OPAL-RT manufactures high-end real-time simulators, scaling
==mmWl TECHNOLOGIES  fiom compact portable devices to integrated HIL test benches.
OPAL-RT systems are deployed for design, validation and

optimization of complex control systems through Control
Prototyping and Hardware in-the-loop approaches.

OPALRT
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FIGURES

OPAL-RT Technologies Inc.

= Createdin 1997

= 230 employees (25 nationalities)

= Headquarters in Montreal, Canada
= 5 local subsidiaries

= A network of 20+ distributors

@ 900 customers worldwide
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COMPLEX SYSTEMS — CHALLENGES

E Very complex and sophisticated systems

New technologies for electrical systems

More complex control and protection strategies

ﬁ? New IT approaches

E On-field tests hard to conduct

OPAL-RT
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COMPLEX SYSTEMS — CHALLENGES
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COMPLEX SYSTEMS — CHALLENGES

A MODEL ? WHAT FOR ?

= Facilitate the development of complex control systems
= Use less physical prototypes

= Test complex/dangerous cases is a safe way

= Replace missing hardware by software models

Y OPAL-RT
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COMPLEX SYSTEMS — CHALLENGES

TO TEST ACONTROL OR PROTECTION DEVICE INA GRID... WITHOUT A
GRID !

Voltage & Current
measurements

Real
protection
relay

Commands to switch
breakers

OPAL-RT
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COMPLEX SYSTEMS — CHALLENGES

= Simulation of more complex electrical circuits
* Need for more representative/accurate models
= Need to sample signals very precisely

= Higher switching frequencies for power electronics (SIC, GaN)

¥ OPAL-RT
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COMPLEX SYSTEMS — CHALLENGES - FOCUS ON
ACCURACY

= Higher switching frequencies (>100 kHz) — SIC, GaN
= Higher power density, lower THD
= Requires higher sampling rates (< 1 us)

1 kHz PWM (UA) 20 kHz PWM (UA)

1.5 1.5
i E |
2 2 |
2 or ] 0
035 5 10 15 20 035 5 10 15 20
Time (ms) Time (ms)
Load currents Load currents
~ 20r L ' ~ 20¢ : L |
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0 5 10 15 20 0 5 10 15 20
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COMPLEX SYSTEMS — CHALLENGES FOCUS ON
COMPLEXITY

Modular Multilevel Converters for HYDC

= N submodules (SM) per arm (N -> 500)
= Up to 5 switches per SM

=» Up to 15 000 switches per converter

- Shn - SMn

“sua] s

sm1|  —smi|

smi]  Tsmi| - smi|

—isma Ism2] M2

;jSMn| 1 SMin ;jSMn|

Y /- TECHNOLOGIES
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COMPLEX SYSTEMS — CHALLENGES

Complexity O/ Speed

Accuracy

AN
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CPU & FPGA CO-SIMULATION

e '}.j-«;_-fj All OPAL-RT systems take advantage
e of both CPU and FPGA resources.
| E _ﬂ [ ]_]DIQtJ”K: L
E gmmy WAV = CPU: massive computation power

= FPGA: great accuracy and low
1 latency Ts<1ups

APPLICATIONS

BV OPAL-RT
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ONE SOLUTION: FPGA SIMULATION

= ACCURATE: Low sampling time and therefore excellent

resolution for high frequency switching (up to 50-100 kHz)

= FAST: Excellent execution latency (typ. 1 us)

= PARALLEL: Massively parallel processing unit

¥ OPAL-RT
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FPGA DRAWBACKS

= COMPLEX DESIGN: Higher coding complexity (for loop, division, ...)

= TIME CONSUMING: Very long compilation time (~hours)

= DIFFICULT DEBUGGING: Increased debugging difficulty
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INTRODUCING eFPGASIM

NIl eFPGASIM

Set of models and solvers designed to facilitate the fast and
accurate simulation of electrical circuits on FPGA, as well as

associated services (gating signals, sensor emulation, communications)

¥ OPAL-RT
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MOTOR DRIVES — eHS CONCEPT

=l

Host Computer

L

RT Simulator

FEl eFrPcasIM

-

Real controller
Fast model — power
electronics, motors (< 1 ps)

¥ OPAL-RT
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MOTOR DRIVES — CHALLENGES

FPGA performance

FPGA ease of use

PN OPAL-RT
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MOTOR DRIVES — eHS CONCEPT

eHS: electrical Hardware Solver

= Allows the use of a comprehensive circuit
editor ...

= .. while taking advantage of the FPGA
performance ...

» ... without writing a single line of HDL code !

Circuit Editor
(SPS, PSIM, PLECS)

B —2
C- -||<} o
~— —&
Automatic Model
Generation

Automatic generation
of electric circuit model:

) « Mo mathematical modeling
O_’ eHS '\ - NoFPGA expertise

« MNoWHDL programming
« Mo need for Xiling Blockset
or ather Xilink FPGA tools

BN OPAL-RT
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MOTOR DRIVES — eHS CONCEPT
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APPLICATION CASES

BV OPAL-RT

—ssall TECHNOLOGIES



MOTOR DRIVES

INITIALLY...
dT_UOS ® cbat+ rcbat% :\"Oat " 4% Yf-: cc% rcdc%
] L]
Boost
Model Time Step = 150 ns
10 kHz PWM
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MOTOR DRIVES
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MOTOR DRIVES

168V peak, Input LC Filter Bi-directional switches Matrix Converter
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BN OPAL-RT
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MOTOR DRIVES
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MOTOR DRIVES
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2 x NPC 3-phase 3-level converters

Model Time Step = 580 ns

17 kHz PWM
OPAL-RT
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MOTOR DRIVES

6 x 3-phase 2-level converters with filters and loads
Model Time Step = 880 ns o

—

OPAL-RT
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MOTOR DRIVES — eHS CAPABILITIES

NOW...
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APPLICATION CASES
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DISTRIBUTION GRIDS

: 62 3-Ph RL connections
: 41 3-Ph RL Loads

: 64 3-Ph Bus Bar
: 5 3-Ph Breaker Circuit

Kintex 7 FPGA
Board 1

single eHS 128
Solution
B16 BAT Big

Ts =4.85us S
 E—
B4 B|5
&3 kV, 50 Hz 36 MVA E"*J
2500 MVA 63KV/20.5kV
B1 1 H B2
0.016 pu/36 MW
e e
0.200 pu/36 MVar
B4 B43
0.004 pu
—

OPAL-RT
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DISTRIBUTION GRIDS

SPS offline vs eHS

L
in

Current pu/JIGhTVA)

voltage {(pu/63 KW}

=fa_Bus1_SPS==%a Bus1_eHS
1.5
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th
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40
0
-4|:| ............ :. .......... :...........aI ..................................................
Short-Circuit Current
20 + + + + f + +
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Time (8)
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DISTRIBUTION GRIDS
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DISTRIBUTION GRIDS

=fa Bus1_SP5==%a Bus1_eHS%

SPS offline vs eHS

Yoltage (pwi63 kKv)
& o

==|3 Bus1 SPS==la_Bus1_eHS

rent pu/IGhva)
X o

Cur
Iu

¥ OPAL-RT
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DISTRIBUTION GRIDS

= Reaching FPGA limits

= Future : multi-FPGA setups

OPAL-RT

TECHNOLOGIES



DISTRIBUTION GRIDS
oot
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DISTRIBUTION GRIDS

=Va Bus 3 SPS==Va Bus 3 eHS

SPS offline vs eHS °
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DISTRIBUTION GRIDS
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DISTRIBUTION GRIDS

SPS offline vs eHS

3 FPGAs

1

-1.45

5

Yoltage (pu/63KW)
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APPLICATION CASES
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TRANSMISSION GRIDS

HVDC : High Voltage Direct Current

= Transmission lines

* Many advantages vs HVAC
» |ess electrical losses
= Easy decoupling of AC grids
= Better controllable

» Cost affordable for longer distances

= MMC stations

Credit: CarbonNation

OPAL-RT
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TRANSMISSION GRIDS

SM
Ism2] lsm2| sm2)]
sm1] - |sm1]
|
|
smi| Jsmi| 5M1\
dsmd ism2| SMz\ O
l s isva _
v

Half-Bridge
Full-Bridge
Clamp-Double
T-Type

MMC: Types of submodules

[

—

OPAL-RT
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TRANSMISSION GRIDS

Example of MMC-HVDC link INELFE

(Spain-France) France

= 401-levels a

= 4800 half-bridge submodules \

- 9600 IGBTs A
Spain

Catalonia

How to simulate such a complex system
In real-time?

¥ OPAL-RT

—ssm@l TECHNOLOGIES



TRANSMISSION GRIDS

Challenges

= Complexity of converter

= Complexity of control

= Complexity of signhal management

= Communication between control and converters/station

¥ OPAL-RT
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TRANSMISSION GRIDS

Solution

FPGA Simulation of MMC

Up to 6000 submodules per FPGA

250 ns time step

Connection with controller : Aurora or Gigabit Ethernet
Co-simulation with CPU which runs the station and grid models

Y OPAL-RT
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TRANSMISSION GRIDS

)
M 1P 5ol
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Station 3 AC Current

— Real-time results (Opal-RT)

=+ Offline results (EMTP-RV)

AT A AT A A

Error < 0.005 p.u
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Station 4 Real Power

=
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Power (p.u.)

Error < 0.05 p.u.

— Real-time results (Opal-RT)
== Offline results (EMTP-RV)
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Station 3 DC Bus Voltage
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—Real-time results (Opal-RT)

Error <0007 pa ™ Offline Results (EMTP-RV)

DC Bus Voltage (p.u.)
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Time (sec) 2
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CONCLUSION

o
Lo

OPAL-RT

RT
GIES

(]

BN OPAL



1 OM

MAGINATION..

TO REAL-TIME
. =




