if :':l?a:u
Ji1] THE GTSOC: BLACK BOX o i =8
I CONTROL INTEGRATION WITH % = i '.;:.;J;ﬁwﬁ
THE RTDS SIMULATOR B culr ks
- ,
CHRISTIAN JEGUES, P.ENG | i |
RTDS TECHNOLOGES INC. A N
2023#r"ﬁsm; 2023 NORTH AMERICAN RTDS APPLICATIONS & TECHNOLOGY CONFERENCE %

APPLICATIONS & TECHNOLOGY CONFERENCE AMETEK'




Outline

Why are Black Box Controls Important?
Black Box Controls with the RTDS
Introduction to GTSOC

Deploying Blackbox Controls on the GTSOC
GTSOC Examples

2023 NORTH AMERICAN RTDS APPLICATIONS & TECHNOLOGY CONFERENCE




Why are Black Box Controls Important?

« Controller circuitry may be tightly integrated with power circuitry
i e

o _ _ Simulated Network

« Difficult to scale if a large number of controllers are involved

« Customers want models that accurately reflect the real control
and protection equipment provided by vendors

PPPPPPP

C/
R

« The same code base used by vendors can be used to create the
black box model
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« Vendor's IP must be protected
« @Generic models have their limitations e

« Tuning generic models can be very time consuming Devices Under Test
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Black Box Controls with the RTDS

Component Builder (Cbuilder)

» Allows users to develop their own
component models which would run
in real time

« Programmed using subset of C,
specific structure required

« May require vendors to maintain
two separate code bases

@ New Component d

Select a Component Type:

Control -

Power System

@ CBuilder 1.1 - O X
File Edit Shape Tools Help

ODBEEER XEHOW @A LBEs - QAR 100 | s |~
POERDO@/ ~ETos@]dA=Ss EHE %@ @ % G

-1|ﬁo -1|23 -?ﬁ ?.i -aiz ? 3|2 Ei.i Qlﬁ 1?8 1?0 Parameters | Graphics | 10 Points | C File Associations | Computations | Checks | Other _
- BvA OMK
-192— - - : : : : | : : : : : Name Description Type Unit And Toi
P : : : : | : : : : : ¥ CONFIGURATION
priyp Solve Model on card type: TOGGLE ~ |:RPC,GPC/PB5
= &) Name Component name NAME
95— - : : : ;{3?}:[‘; : Sg\”‘,;?g;'ew : : : : & AorM Assignment of Model to Processor Card | TOGGLE Automatic;Ma
o o [ o .'“'. CARD -if Manual: Begin on Card INTEGER Tto 6
. i=h Rpre -if Manual: Begin on Processor TOGGLE AB
=) SO ¥ TRANSFORMER PARAMETERS
0— . : : Xl Transformer Leakage Reactance REAL > |pu
e . | . Ra Transformer Resistance REAL ~ pu
MVA Transformer Rating REAL  |MVA
= 7 Shime e . . . Vrate Primary Voltage REAL > |kV
96— - : : : : | : : : : : V2rate Secondary Voltage REAL > (kV
E— F Neominal Frequency REAL > (Hz
Xm Magnetizing Reactance REAL > |pu
160—
102—
Graphics: Main
Mouse: X:
TB=
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Black Box Controls with the RTDS

Compiled Hierarchy Box

» Blackbox controller could be modelled using standard library components and/or CBuilder
components

« Hierarchy boxes can be compiled to secure the contents

* Only the compiled code needs to be sent to the customer

« Vendor would need to verify that the model matches the actual controller

« Vendor may need to maintain this model in addition to the original controller source code

WT 1MachineCtrl o x

(iii) Flux observer

Ay plgha o
WT1ValphaSTPU

This is used to obtain the magetic flux generated by Stator

Compiled
E—

Hierarchy Box
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Black Box Controls with the RTDS

Other Hardware

« External PC
« Windows OS
« Dynamic Library *.dll
« Static Library *.lib
* Linux
» Shared Library *.so
« Static Library *.a
* ARMvVS8-A Processor
« Supports Bare Metal Execution of Static Library *.a ceccecses
» Real-time operation is a critical requirement

—
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—
o
o
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Black Box Controls with the RTDS

x Linux OS running shared library (.so)

The problem is the indeterministic
execution time spike ~ 200 us, which is
hard to eliminate without third-party
real-time OS support.

v' Bare-Metal running static library (.a)

Bare metal guarantees deterministic
timing: <1us spike.,

80u S - “"lmomugm

o]
Subsystem #1| DebugGTFPGA % Q
/l O 5 TP fime s
||||||
4.05us T

......

s H~ ‘ " i

L 1| 13.51us| =

ssssss
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Introduction to GTSOC

« New hardware to support execution of black box cTs0c_v1
controls

« GTSOC - System-on-Chip
« Combination of FPGA and Multi-Processor System-
on-Chip (MPSo(C)

« Supports Bare Metal Execution of Static Library
(*.a) Files containing Vendor Source Code

« Interconnects with NovaCor via Fiber Optic Cables

GTSOC V1 UNIT NOVACOR CHASSIS
4 x ARM cores

5x.a 5x.a 4 x RTDS
AXI bus interface

5x.a| 5x.a
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GTSOC Hardware

Processing System

Connectivity

I DisplayPort v1.2a
Pixel
Processor 4 |2 I el
I SATA 31

' 256KB OCM Memory Management Unit W
o 2 Real-time cores: ARM Cortex-R5 | ccaon | o0 | commu] wei2weso - p—— |
dChe

General Connectivity

« High/low speed connectivity V

. Vector Floatin anagement Unit Security Unit Functions
* Programmable Logic (PL) ‘ AR \‘ gt ITW?ES | Uz |
Cortex™-R5 Mzmory Protection Management ecryption,

® Xi I i nx Zyn q U It Fa Sca Ie+ XCZ U 1 5 E G Application Processing Unit ’ Memory Graphics Processing Unit High-Speed

| ONEON™ |

ARM Mali™-400 MP2
I

DDR4/3/3L,

- Processing System (PS) ‘ ot A oRic
e 4 App“cation cores: ARM Cortex-A53 veate | Date | oncammnt |~ Toce —

wiPanty wECC Unit Macrocsll (112 4

| Floating Point Unit | Geometry

Processor

Real-Time Processing Unit Platform figuration and System

CAN

Multichannel DMA IT‘

Unit Authentication,

128KE 32KB |-Cache || 32KE D-Cache Power Secure Boot SP|
s s B = aneet VolagerTemp | Timers, [ Quad SPINOR |
. Manitor WDT, Resets,
" Functional | Clocking & Debug | NAND
- \ Safety TrustZone [ spremmic
\
XILINX 2 .
ZYNQ. . _ .-
UlraScale+™ Programmable Logic High-Speed Connectivity
XCIUI5EG™ System Monitor
FFVE1156 I Storage & Signal Processing
i Fd;{i_ Block RAM General-Purpose I/0
i G
100G EMAC
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Deploying Blackbox Controls on the GTSOC

Vendor
C/C++ Source Code

) Vendor. C/C++ Source Code RTDS GTSOC Blackbox Builder
« WrittenbyHand ~  mmemmeooopeeomoo oo |

« Generated via MATLAB/Simulink ARM GNU Toolchain .
« RTDS GTSOC Blackbox Builder Tool (Compiation & | | Wrapper Code
« Source code compiled into Static * a (Static

Library (*.a)
« Wrapper code is used for mapping
inputs/outputs and parameters
« Generates Firmware (*.mcs) for GTSOC
« Templates are Provided for Wrapper Code

Library File),

A A 4

* elf (Executable and
Linkable Format File) |

A

|

| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| ARM v8 GCC (Compilation & Linking) | |
| |
| |
| |
| |
| |
| |
| |
| |
! Generate Boot Image File !
| |
| |
| |

_________________________________

*.mcs (Intel Hex File) |

GTSOC
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RTDS GTSOC Blackbox Builder

« Cross-compile C/C++ source code to static library (*.a) file
« Develop wrapper code
« Templates provided

If| RTDS GTSOC Blackbox Builder

 Links the static library to
build application executable ' RTDS GTSOC Blackbox Builder
elf file 3

* Generate the GTSOC
firmware (*.mcs) file

» Requires Xilinix Vitis
Software

Help

P Compile Library Generate Firmware
Start Start
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RSCAD FX GTSOC DOTA Component

« Each GTSOC unit has one ARM Cortex-A53 Processsor with 4 cores
« Each ARM Cortex-A53 core requires one DOTA component
« Each DOTA component supports up to 5 DOTA instances
« Each DOTA instance supports up to 64 inputs and 64 outputs
« Each instance could be the same (multi-instance) or different
- Black Box Controller parameters can be read in via text file and used during
initialization stage prior to execution

DOTA Component

DOTA

#1 #2 #3 #4 #5

11122 35| 45 | 59
191 26 | 36 | 48 | 50

Name: DOTA
EnDOTA: EnDOTA
DotaStep(us): 50
SIW: 0000 .00.00
Port: 1

@ Component Parameters for _rtds_ DOTA_VO.def [m] % @ Compenent Parameters for _rtds_DOTA_V0.def [m] >
p P Y
_rtds_DOTA_V0.def C) _rtds_DOTA_V0.def (@)
. B c Name Description Val Unit  Mi M;
N Dy Vall Unit M M:
GENERAL CONFIGURATION = escription alue ity wMin |, Max GENERAL CONFIGURATION : ‘
MName DOTA Component Name DOTA pfx Add Signal Name Prefix for DOTA #1 Instance D1
DOTA S/W VERSION SETTING . X .
DOTAS/W VERSION SETTING ¢ 1y Enable DOTA Exscution (5-bit Starting From LS8) | EnDOTA 3 Add Signal Name Suffix for DOTA #1 Instance bt
DOTA #1 CONFIGURATION  nminst  Number of DOTA Instances 1 1 5 DOTA #1 CONFIGURATION  nminput Number of Inputs (From RTDS Variables) to DOTA Function 1 1
DOTA #1 INPUT dotadt  DOTA Simulation Time-step 50 us 10 500 DOTA #1 INPUT nmoutput  Mumber of Outputs (Te RTDS Variables) From DOTA Function 15 1
Ie ar & enpl Import DOTA#1 Parameters From txt File No
P ctriGrp  Assigned Control Group 1 1 36 DOTA £1 OUTPUT
Pr Priority Level 1 1 fnpl -- If Yes, Specify the File Name et
DOTA STATUS MONITORING DOTA STATUS MONITORING
Port GTIO Fiber Port Number 1 1 24
AUTO-NAMING SETTINGS AUTO-NAMING SETTINGS
0K C | Cancel All

General Configuration
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DFIG System Example

Simulink DFIG System (Electrical System)

Wound-Rotor
Induction Generator

< [Vabc_B1] S -
' A a
+ B b
C c
B

Choke

Ap——m | ——|—»
IR e
C

Filter
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DFIG System Example

Simulink DFIG System (Control System)

Turbine and Drive Train:
Wind turbine
Drive train

Wind Turbine Controls
Filtering and measurements
Grid-side converter control system
Rotor-side converter control system
Speed regulator & pitch control

Turbine and Drive Train

W _wt (pu) ‘
—I- Piich angle {deg) Tt (pu) p{ T_wit (pu) W_wt {pu)

uuuuuuuuu

aaaaaaaa

Filtering and
Measurements

Wind Turbine controls - GE DFIG 1.5MW

Vabe =
s

labe_ ¥am
Idgr

c_ge

g —

|||||| P

Qmex

VeV i

et

wr
angla_rator_rad =

= B B B | 2 2

= =3 = o Kl — =
NEEIRS - )
AREARE HRHBE £ B
2| 18] |2 HREARE = =
| - = = 2 =

o
E -
H

Speed regulator & Pitch Control

Wind Turbine

Wind (m's)
Drive Train Fower base for the Generator

1 J——— Wind spead (m's)
’—}Wmd{pu] T_shaft {pu) —@—w
wr] 2

———»ur Tem_cmd

Pmeas Pitch {dag)

[Tem_cmd]
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Grid-Side Converter
Control System

Rotor-Side Converter
Control System




DFIG System Example

RSCAD FX DFIG System

. e
Electrical System (on NovaCor):
« Same as the circuit in Simulink =5e o
== M
Control System (on GTSOC): = e . 'J] i
« Filtering and measurements S| L oelf oot o
« Grid-side converter control system
« Rotor-side converter control system
« Speed regulator & pitch control
Interface (NovaCor & GTSOC) LT
« DOTA component: RTDS interface 4 x Cortex xrips 4 xfibers : e Dimj
(Port 1-20) (Ruﬁian;o[r)eosm) interfaces EnDOTA:  EnDOTA
DotaStep(us): 50
SMW: 04B4 .02.01
Port: 8
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DFIG System Example

Multi-Core and Multi-Instance Testing

Electrical system:

« 21 DFIG systems, 2 AC Thevenin networks
Control system:

« 20 DFIG controls on 4 GTSOC cores (every 5 DFIGs
controls on one GTSOC core)

Four DOTA components (one per GTSOC core, each has
93 outputs and 53 inputs)

Single DFIG Electrical System

2023 NORTH AMERICAN RTDS APPLICATIONS & TECHNOLOGY CONFERENCE




DFIG System Example

Multi-Core and I\/Iulti Instance Testing -

20 DFIG DOTA Tlmlng +%Zommun|cat|on Timing (93 Outputs +53 Inputs): 22us + 1us jitter
« Communication : 6.3us
« Each DFIG DOTA : (23-6.3)/5 = 3.34us

Subsystem #1|GTFPGA1 % [#]

_______________
nnnnnn

23,000 !

]' .|,.| ||L ]] Lh.ll h I|| |l‘ “ ||. |||,'||'I ||J
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DFIG System Example

Multi-Core and Multi-Instance Testing - AC Fault

Subsystem 1 [0 gabs ST (60 Subsystem 1 w0 Subsystem 1 wo]| Grid-Side Voltage Waveforms (WF1 and WF2) || © Grid-Side Current Waveforms (WF 1 and WF2) || ©
e & R e (ST WF TUGA] &17 WF VG [P TRATPRASal [WF2hr Prcal
100~ 06~
1 13 N 12 12
.
= b e Z l Z i
11 11 a0
r ! 1 1
2 g D
u R— e — . N A = =
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-50
| 12 12 -0
. \
£ = \rk
WNK J\P\ -0 1 1 1 1 1 ] 0. ] 1
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) 100 - 1 -
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—
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. L B T L L a0l
i WTIRCE
i

100 I 1 I I I | 05 L L L L |

1
" i) O [WETRFTPRTSE ke e
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—
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1
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_ B s osl

9y

o H

-50
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)
o
o
kv
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0 . . . . . . 0 - - - - - . , . . . . . . . . . . . . -100 ! ! ! : ! 05 L . . L L !

0 033333 0.66867 ! 1333331 6667 2 P a0 ! |18 : 0 0amm o 086 1 13698 160667 1 0 0amm o 08 1 19098 166667 1 017354 020725 024085 0274686 0.30836 024207 03757 01666 020994 024338 028012 031797 035581 0.39365

Fault on the AC Thevenin System 1 and 2 (20 DOTAs on 4 GTSOC
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Wind Turbine System Example

RSCAD FX Case

(B T
. : e
- %f - o Pn_;!t - -.5‘1_:'.,:_:1_. e, :-:_N N
\T_,j b ] ,._,.____E:: - i '-:_ I}ﬁ I j ! ‘__,I_./.' E:':\:?A-‘q i T '\_.I)_'
2 R I A WP o 2 :‘:"‘-:'._'_*' i I"'ﬂ
||'k- l - J_\f A ) A \I"'J_ :EE.',\“::-'N 1 se| s W
k B 4 NS VaL Stimnien atentot iy ' '3 ' s SNCI
: Ca B (=] H
22

For the wind turbine energy system:

- Current injection to represent the machine-side converter

« UCM to represent the grid-side converter

« Grid-side transformer, windfarm Integration transformer, and Thevenin equivalent AC source

« GTSOC (DOTA) is used for the UCM converter control.
« Simulation time step size: 100us
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Wind Turbine System Example

Timing Statistics

[

GTFPGAexe... O || ||GTFPGAexe...| 0 | [|GTFPGAexe... O | ||GTFPGAeXe.. O

GTFPGAexe...| O

GTFPGAexe...|o | ||GTFPGAexe... O

GTFPGAexe‘..‘ o)

1
05
»
| an > )

1 1
0s 05
L +
| 0o 2 00 ’

1
05
+
00 -

1284620

1268211

1551993
wo 1835674
3

1810256 -

1503037 |-

1726712

1] D GEEGT 1.33333 2 166667 333333 4

50

1o

&) &) &) &) [Ehe [Ele ; i [}
43.00 14.76 17.51 18.83 43 .00 14.76 18.31 18.82
Subsystem #1| DebugGTFPGA |"=®|O Subsystem #1| DebugGTF PGA |"“.b| [o)
Al fexecution_time_max FGFexecution_time_max
4374600 43.74600
4341276 43.41276
L 0T o d307T043 [
= 4274600 = 41.74500
42 41376 42.41276 -
42 07043 - 42.07943 -
4174600 41.74600
15.75077 - 16.76077 -
15.42643 - 15.42643 |
L 150031 . 1508311
= 1478077 = 1475977
14.42643 14.42643
140931 14.0031
12.75077 13.75977

1 L 1 1 J
PG Aexecution_time_us
40_
E]
30
0
I 1 ]

Xecution_time_us_aw,
1881876
1821356 |-
1821837
w 1881817
7 ysamer)
1881777
1881758 L - ! .

1.42005

1.43300 1.43702 1.44007 144311

1.44615

1.44012
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DOTA execution time has a 10ms (red circle)
and 1ms (green circle) periodic jump.

This is not spike or jitter but Customer’s
scheduled tasking.

Max execution time:; 42.7us
Min execution time: 14.8us
Instantaneous execution time; 18us

Average execution time: 19us

Technologies 20




SMA Inverter Example

RSCAD FX Case

Gt

For the PV system:

* PV panel

- UCM to represent the grid-side converter

« Grid-side transformer, scaling transformer, and Thevenin equivalent AC source
« GTSOC (dota) time step size: 166.67us.

« Simulation time step size: 50us
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SMA Inverter Example

Timing Statistics

Subsystem #1| DebugDOTA Ty O Subsystem #1| DebugDOTA | O | . . . ..
l [DOTA_dota_steperetime | O0TA,_duta_stepexetime | | DOTA exeCUtlon tlme: perIOdIC Jumps

0 \—b_‘ .

N (purple and green) are not spikes but
ol scheduled controller tasking (e.g.,

s protection).

i] 1 1 1 | ] | | | | | |
i

167 .4

167 -

w 1665
a

166 -

1654
DE652Z  D.G6OG4  D6V4D6  D6Ve4T  DGS239  DGSTH DGOITI
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THANK YOU!
QUESTIONS?
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