OPAL-RT Bootcamp

Overview of Hardware and Opal-RT Simulator
The What & Why of Real-Time Simulation

Dr. Hamed Nademi
nademh@nmsu.edu

December 18, 2020

NME LR s

STATE


mailto:nademh@nmsu.edu

Skill Development

Integrated basic education/principles and skills training

« Education with skills that are sure to be needed in the coming
years!

* Real-time models present a fair and accurate method for
assessing Issues

« Providing clear resolutions to the sustainable energy
developers, utilities, etc.
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“Smart Grid”

Renewable sources
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Renewable sources Renewable sources

Integrated of Electrical & Information Infrastructures... securely !

Smart Network with wireless communication system for energy management
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Contribution of Real-Time Simulation

 Purpose:

o RT testing to accurately produce the simulation outputs within
the same lengths of time In its physical counterpart

o Replace real-hardware by a Real-Time model

- Allows destructive test, Discover Design Issues Earlier in the Process

- Reducing development costs, replace risky/expensive tests on none-
existing hardware
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Real-Time Simulation Requisites and Other
Simulation TeChniqueS To solve mathematical

Computation f(ta) || F(tner) [f(tas2)| . f_unctions/equations at_ a given
f(t) K z ! time-step, each variable or
Sim. Clock 4 + 4 > ime SysStem  state IS  solved
t bt successively as a function of

variables and states at the end

(a) Offline simulation: Faster then real-time

the computing time is longer

Computation f(tn) \ f(tsa)  Of the preceding time step.
ft) K >
Sim. Clock * * * » Time
tn-]_ tn tl1+1

(b) Offline simulation: Slower then real-time

Accurately  produce  the

omputation f(tn) |~ f(ter) |\ . intemal vgriabl(_es/putputs of

f(t) \: Lf the simulation within the same

Sim. Clock » time] tIMe length that its physical
t-a tn thes counterpart would.

Real-time simulation: Synchronized

w BE BOLD. Shape the Future.




Combine Simulation Systems
il I3

eMEGASIM eFPGASIM
To meet timing requirements,
Multi-rate FPGA-based real-time
simulation Is an effective
solution.
CPU model - mechanical, dyamics, FPGA model - electronics, motors

control (Ts~20 us) (Ts< 1 ps)

But : implementing and solvmg differential equations on FPGA
Is tricky and requires advanced FPGA programming skills.
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Contribution of Real-Time Simulation

eHS: electrical Hardware Solver

Allows the use of a comprehensive circuit editor
and taking advantage of the FPGA performance
without writing a single line of HDL code !

Circuit Editor
(SPS, PSIM, PLECS)

L = B
. -||$ o
o —®
Automatic generation

Automatic Model \ of electric circuit model:
Generation |

. b oveaacy « No mathematical modeling
S P ero + No FPGA expertise

+ NoVHDL programming

{ « No need for Xilinx Blockset

or other Xilinx FPGA tools
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Real-Time HIL Simulation

 Workflow

Design Power Execute the CPU Model Execute power converter HIL Simulation with real
Electronics Circuit (“slower” part) model on FPGA controller
O e [ N N I
(SPS, PSIM, PLECS) No FPGA
- - .
- .Iq} o programiming
-— e

@

Real controller
\ %

Host Computer RT Simulator
- N\ /
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Contribution of Real-Time Simulation

Having a small time-step on FPGA increases the accuracy
of the results.
Values are sent from

external card or FPGA Values are sent from
to the CPU the CPU to external

card or FPGA

/ The more values are exchangec

Outputs
E between CPU and external card,
\M"I del J the less time remains for mode
| Inputs |' computation!
0 us o0 us 100 ps

~ 1
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OP5600 Hardware Overview

There are multiple hardware platforms!
Main features:

» Powerful real-time target with up to 12 INTEL processor cores 3.3 GHz
» Real-time operating system : QNX or Linux REDHAT
= Xilinx SPARTAN 3 or VIRTEX 6 FPGA

Up to 128 analog I/O or 256 digital I/0 or a mix of both

= Rear DB37 connectors -

» Front I/O monitoring (access to all 1/Os) S j_,,."---j'

- 0 1 slots 3 :i:t!i:ﬁ‘:l:l:lﬂ?-lvl-[-“"M'j' |
Jprodpclslr - pmniaaL sl

« Support for third-party 1/0s
- IEC 61850 gl

- Async TCP/IP, Serial

- CAN Bus protocol, MIL 1553
- Aeronautical Radio INC. (ARINC); Digital Information Transfer System

HH BE BOLD. Shape the Euture.




OP5600 Hardware Overview

« Upper/Lower Section

Upper section : FPGA and I/0
modules (analog and digital
mezzanines)

Lower section : target
(motherboard, CPUs, RAM, Hard
Drive, PCl slots)
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OP5600 Hardware Overview

Architecture with XILINX OP5142

Signal conditioning
modules

Camier board

OP5142 FPGA board

FPGA monitoring/
PCle synchronisation
board

l < Upper section

e — ) - J ower section




OP5600 Hardware Overview

Architecture with XILINX MLG605 (Virtex 6)




OP5600 Hardware Overview
FPGA ML605, XILINX Virtex 6

* The 1/O interface has 6 configurable groups
(either 32 digital 1/0O lines or 16 analog 1/O lines).

« High flexible solution: possibility of having different
« up to 192 Digital 1/0s or
up to 96 16-bit ADC

and DAC channels

« Sampling time :
100 MHz or 200 MHz
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OP5600 Hardware Overview

Power supply

CPUs (this is where the
models are executed)

Hard Drive (to store
models and logged files)

HH BE BOLD. Shape the Euture.



OP5600 Hardware Overview

Upper section : 1/O modules

I/O Conditionning module
(mezzanine)
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OP5600 Hardware Overview

Analog mezzanines /\
— T — — ORI - P 1B -~ - \ g

16 channels per mezzanine
" QP5330: 16 analog out
" OP5340: 16 analogin

Channels 16 to 31 are not used
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OP5600 Hardware Overview

Digital mezzanines

32 channels per mezzanine
= (OP5353: 32 digital in
= (OP5354: 32 digital out
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Front View

Monitoring Jacks
f

,/
p YOGroup1 l/O Group 2 |/o Group 3 /o GrouP 4
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g g g 'F" ™ E'"? i JE One RJ45 connector
¥ | 5"'3 [ E'"3|! drives 4 signals
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Monitoring Panel

The front view is used for
monitoring purposes only
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Rear View

'O Group 4 IO Group 3 IO Group 2 O Group 1
O
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One DB37 connector
— drives 16 signals

The rear view is used to
connect external hardware
to the OP5600
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Simulink 1/0 Blocks

OP5142 & ML605 FPGA boards allow to drive
the analog and digital 1/O cards located in the simulator:

"Analog Input & Output

mStatic Digital Input & Output
Time-Stamped Digital Input & Output
"Encoder Out & Encoder In (Decoder)
"TSB In

"Etc...

All those 1/0O blocks can be found within
the same library:

RT-LAB I/O > Opal-RT > OP5142EX1
RT-LAB I/O > Opal-RT > ML605EX1

HH BE BOLD. Shape the Euture.

W simulink Library Browser
Eile Edit Yiew Help
L& »
Librarigs
| [+ Addtional Math & Discrete
+ ﬂ Artamie
ﬂ Control System Tookox
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|- B8 AT-LAB
RT-LAB VO
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Resolver Sut
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W30 Scope

Oplnk
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Showing. RT-LAD FOIOpal-RTMLOOSEX1



Simulink 1/0 Blocks and Configuration

Simulink FPGA Controller Block

. C}p Ctrl ElDCk Eile Edit View Help
; L L] '] Py E m c-hte. - P
* Handles synchronization b nier ssareh e M
Libraries Library: RT-L&B 1O/0pal-RTOPS142EX1 Search Rezults: (n 4 ¢ #
* Set Internal Parameters T e T oreras R
+% RI-LAB g OTStezEX: = orstezEx
T RT-LAB VO Catsln S=nd DataCut Reor
. . 4] Acromag
" Block must be inserted in model forf| = seewne  omsrazen S
. . CCUR = Digitalin Digitaiut
each FPGA board that is physically - Cutisiit N N
. FIU:.HIiI::u Tach Encoder In Encoder Cut
present In your system -G Fanue N N
;""ECEJ]E‘EU EVE-I.'ItD.:lEC:EH EVE-I.'ItE‘E"IEI'EtE-r
—t 4~ Kontren -
OP&5142EX1 Cirl 41- Wax Technologies E DFS142E31 OPS142E%!
EI:IEI‘d ”,.“:EI 'D Errl:lr -E--I.1easurementt|:|m|:uting  S—— FFH1 Lasdin
M d h‘l t |DS L 1 National Instruments
aode:-Master £~ NuDAG g orsteEEx g orsteERd
= 4 DasisSilizonSystems Leedtut =4 rmn
| OP5142EX1 |- Opak-RT b
T OF514ZER] OF514ZER]
i E"":-ﬂrrm':'ﬂ = P Dut Rescler In
+- Functionalties
MLEBODSEX1 Cid Emorp :'ML&:]EEK' 1 OPR142EX! PR142EX1
Board index: O +- OP5110-5120 Resolver Out B
-0PS130
Mode:Maser DS
AELas in OP5A42EX! Optir
- OPS 147511 XS0 Soope OFS142EXI
CpCtdl MLE0OSEXT e i

Showing: RT-LAB FrO/0pal-RTIORS142EX1
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OpCtrl Block — Internal Parameters

W Source Block Parameters: OpCirl OPS142EX1 ]
OpCirkOFS142E 1 ask (mask) (link)

This block confrols the programming of ore 0P514Z card, it= nitialzston
avd the sekection of the harchvare sprchronizaton mode of the card, Tt

alzo enables binding of SandRecy and If0 blodks o that specific card.
Only o= CpClr|l OPS142E4L hinck miast be found for each OPS5142 £a
used nthe model, U Oplrk OPS142581 blodes in ather subsys
sharing the same OFS142 card,

Farameizrs
Cointrollsr Mame
OFS142EH1 Cixl

Board

1}

B iz freamn Fiebame “/‘-
CPI142-Ex-0000-1_2_2-USER-01-01bin

Corifiquration Mumber

Synchronization mode |Master

External Clock

Samrplke Time ()
1]

NMER e e

HTAlE

" Label for the controller block
(can be changed)
" Board index given by the
Get I/0 infos command
" Bitstream Filename can be found
/ in System Integration document
n Setto “Master” by default. Set
to “Slave” in another FPGA is
already defined as “Master”
OP5142EX1 Cid Emor MLE0SEX1 Cir Emorp
Board index: 0 Board index: 0
Mode:Master D= Mode:Master IDs }

OpiCtd OF5142EX1

OpCinl MLED3EXA



Principle of Inputs and Outputs

OP5600 chassis
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Measuring Signals

External scope

* The front panel allows the measuring of any input or output
signal, before connecting to external hardware

-~ "~ M e - ry - - —

| &rvemes | S SST D s A P
— ——— ]
. - .

\/‘ -

- l g A The 4 signals are

| demuxed and each
corresponds to a
Mini BNC connector

Each RJ45
connector drives

4 signals RJ45 cable

Mini-BNC/BNC cable




Real-time Implementation: An Example

NY Advanced Grid Innovation Lab for Energy End-to-end Energy S)_/Stems_modelmg
(AGILe) and real-time simulation

Y 2,
. \ - h_—‘ \
NIV I Y
FEEEEEEEE LR N

;‘ 1
EEEEEET . mos=mm | (A {11
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Modeling Challenges

« The proliferation of Solar, Wind, Battery storage has given rise
to new challenges in power systems operation.

« Energy storage systems are emerging as a potential solution to
such challenges.

« To understand their potential and limitations, it is crucial to
model and simulate such PV and storage systems with accuracy
and high fidelity in real-time fashion.
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Related Works

 Multiple PV cells are connected In series or parallel
connections to create a PV module, which meets required
output voltage and current specifications.

It is also observed that, Li-ion batteries are the most widely
used energy storage devices across all such industrially
available ESS.

« Call for fast and accurate modeling of Li-ion batteries for
monitoring and control of their charging and discharging
modes.
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Related Works

« A simplified and efficient model for PV System is shown
suitable for real-time simulation.

« Comparisons between the proposed model and the existing
model provided by MathWorks W.r.t hardware usage and
efficiency are presented.

« Power system operations are time-critical in nature, it is
Important to test the real-time compatibility of the proposed

models to utilize in development, implementation and testing of
different control schemes.
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Existing Battery Models

« MathWorks also provides an accurate and detailed generic
battery model, which can model four types of rechargeable
batteries.

 MathWorks model is suitable for off-line simulations and was
used as a benchmark of the model in this assessment.

« Test the real-time performance of the proposed PV+Battery
model using Opal-RT simulator. (cross-platform real-time
simulation!)
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Flowchart of the proposed model
Implementation

SOCO —
SOC Calculation

capacity —

[r——

W

l Open Circuit
—
Voltage Calculation

Rs Voltage

FINAL SOC

Nominal
Voltage Calculation

nominal_V —
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Block-diagram comprising different units of
the model for the PV cell

Isc Computation Isc Computation »| X
(Irradiation Considered)
Varray

| lo Computation

A 4
>

J b

Voc Computation
(Dark Curren t)

Integrated

MATLAB
Function
X larray
» VtComputation Rs Computation

|NS] T <"
| Np | /I~

E = Irridiation

T = Temperature

N, = No of Series Connected PV Modules in string
» = No of Parallel Connected PV Modules in string

V = DC Voltage




Algorithm 1 Calculation of {4rray and Vapray

REqUirE: ISE".- T‘i"f ‘-n"'rs'.- RS& ICI‘: T‘fDC'
Require: Define:

fllp)=In—Ie+1, x((exp(Vpe/Ne+1n x Re)/Vi)—1)

Ensure: [, =0,e=10"3, L =0
while L # 1 do

—»

Isc Computation

lsc Computation

(Irradiation Considered)

if n = 0 then
IT-L — Istﬂ?"::

else
n+ + E
Iﬂ, — In—-1 — f(In—l)f,f!(In—l)
en=1In—In_1 [j

if | e, |< e then
Iﬂ.]‘"?"ﬂ.y {_ Iﬂ

Voc Computation

e Computation

(Dark Current)

Vit Computation

Rs Computation

— 4

L=1
end if
end if No |
T‘I::l',rn:r,g,r — T‘fDC’f{i\"rs [E

end while
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Descrege

2e-0% §,
Wele_Constan Ve _Censlan!
V_array ' _armay
B Seovica Mumibsed s
B Paralal W 1_ariay

k4
.

Shi_Master SC_Console




“dc_Constant
Series Number

Parallel Mumber

& ——

Temperaturs

& ——

Irradiation

OpCormm

Ve

Iradiation

i
((hbt

P panel
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Block-diagram comprising different units of the
PV cell model implementation

P T I=c(T) I 1=2(T)
Isc(T+E)
Co— L,
Sholt ckt current{T dependance) E x 1
Short ciruit current (T+E depandance) =

3 T Voo I Voo I i Vi h-
': } x b o .

Open ckt voltage Dark curremn t

| iz
Thermal voltage Resistance |

@ Embedded

Mz MATLAE Function
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Descrege
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Q@
3

Automatically generated by RT-LAB during compilation.

Ns

— » 7]
[ I » -T-

PV input Temperature control
Temprature

L~ .

Irradiation »-o PV input Irradiation control

iy —

Irradiation 1

o
Vdc_Constant
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V-1 Characteristics of all the PV models
700 — r — ﬁ\.\. T .

600

Existing Model[7]
Proposed Model
300 MathWorks' Model[8)

200

100

D | | 1 | | |
0 100 200 300 400 200 o600 700 800 900 1000

Voltage (V)
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Discharging Mode: Terminal Voltage and SOC
variation for the proposed and benchmark models

41 T T T T T 50 \\
—— Mathworks' Model 3] —— Mathworks' Model [3]
n Proposed Model . of "‘f-\»\\?\ Proposed Model
39 ] 48 -
3B f— e — STy
:) T —
< 9)
> O
37T Ndor
316 457
35 44
L
34 : 43 : :
0 10 2 30 40 50 60 0 10 2 30 40 50 60
Time (S) Time (S)
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PERFORMANCE CHARACTERIZATION OF THE
PROPOSED PV MODEL IN OPAL-RT PLATFORM

MathWorks’ Proposed Change Benchmark

Benchmark PV Model Model on

PV Model(A) | (B) other platforms
SSN: State Space 110 80 -277.27% Model A
Operation Count 1S not
SSN: Memory 0.003525 0.002522 -21.21% reprodu-
Usage cible
Network Info 8 7 -14.28% in other
Computation Time | 1.278 us 1.097 us - 14.48% | platforms

With the simplification of the PV model, the hardware resource
requirements for real time simulation on Opal-RT platform
reduced.
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