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‘4 INTRODUCTION

* Complexity of electrical power systems with increasing presence of Power Electronics
* Transition to Electromagnetic Transient Simulation for design, planning, operation, security, etc.
* Limits of EMT Simulation due to computing capability

 Scale limit, e.g., afew hundred buses vs x100K buses in Phasor-Domain Simulation

* Information limit, e.g., aggregation vs full-scale modeling of IBRs

* Fidelity limit, e.g., average value model vs detailed model or device-level model
 Computing capability: sequential processing vs parallel processing

e Parallelism of CPU (e.g., OpenMP): No. of cores, overhead

* Massive parallelism of GPU: Single-instruction multiple threads (SMIT)
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GPU massively parallel processing the solution 0

RECAP: Limits of EMT Simulation due to computing capability
1. Scale limit, e.g., a few hundred buses vs x100K buses in Phasor-Domain Simulation
2. Information limit, e.g., aggregation vs full-scale modeling of IBRs
3. Fidelity limit, e.g., average value model vs detailed model or device-level model
Challenges to SIMT Q
1. "x100K Buses": Inhomogeneity, Matrix solver } } AC Grid, DC Grid
2. Full-scale model: Quantity, Model complexity } } IBR Array

3. Detailed model: Model complexity, Quantity }} Converter-dominant system

General Principle: Enhancement of homogeneity

— Partitioning, splitting, decoupling, decomposing
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* General Principle: Enhancement of homogeneity

— Partitioning, splitting, decoupling, decomposing
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 System decomposition: Three-level partitioning

 DC system: Transmission line (Level-1)
* DC system: Transmission line (Level-1)

 Converter station: DC link TLM (Level-2)
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System decomposition: Three-level partitioning

* Converter: TLM, V-I coupling (Level-3)
Three-phase MMC & computational model
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* SM: (MMC) Submodule
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o Up to 8 x CIGRE B4 DC Grid TABLE 1. CPU and GPU execution times of the Greater CIGRE
DC system (Fig. 14) for 1s simulation.

CIGRE Execution time (s) Speedup
NO. CPU MCPU GPU -_tPU cPU  MCPU
2 14549 1995  162.1 73 89.8 12.3
3 22264 2810 1799 7.9 123.8 15.6
4 30249 3103 195.6 9.7 154.6 15.9
5 36963 4067 2009 9.1 184.0 20.2
BT 6 44391 4284 2084 10.4 213.0 20.6
B g el 412 7 52792 4868  210.0 10.8 2514 23.2
e S 8 60121 5538 2219 10.9 270.9 25.0

Vcr Iy VCE

oW

—

ver (KV), in (KA)
=)

8 (us)
Vcr

e 20secsimulation->50 min~1hr10min

N W

—

e Power switch device-level results

ver (kV), ip (kA)
)

'
—

e Multi-rate: 50 ns + 1 us

8 (us)




f/;\ LARGE-SCALE DC POWER SYSTEM

* L1.3 ) =8~ Simulated upper TGBT
« System-level (L)+device-level (R) results ; \4 el SR
- i 12 ®  SaberRD upper IGBT /
= Lo i // é_ 10 ™ SaberRD lower [GRT
. 2 .o 2
= ~Is
* Benchmark against PSCAD + SaberRD = — simiaidijeun | 5[
£ pO4 Simulated ¢, curve | ==
© Datasheet 7, value 4 Y
Z O Datasheet r. value 2 .-{ m_e,e,'ﬁfk
o5 P o8 iz 05 1.0 1.5 20 25 30 3.5 02 04 06 08 10 1.2 1.4 16 18 20
0.6 a0 o6} a0 I (kA) S (kHz)
0.4 ———Pd‘L—~ S 0.4 Picz (a) (b)
= 02 = o2} sk 1,2 1;73
O, DCS2 O ol DCS2
< 330 MW 2 330 MW 100 !
RL-0.2 '/‘ R, -0.2] v/‘ — 90 \
L SGde3 R ) ) E
06 Pct 0.6 L ey e 7.
,\ — = ,,\ 0 — SOk vil
o8 660 MW e— 920 MW-— | off 660 MW e 920 MWy sl
42
0.8 0.8 [N~ R g
0 Paca oal Py 10 30 50 70
0.4 g 0.4
02 5 P& Pagasia oz} Pua 86 Pasgi v p o i ;
5 . ,/ dede cde ref SBQ . dede dede ref Ls l Diode reverse lec;):etr\: s ‘ | r:?DI()dtbi verse I
B e > oy 1.0 gl 1
e DCS1 & DC-DC | =77 DCS1 & DC-DC gos | ’t | | i i
- e | | I
-0.6 0.6} = 0 ! SR
0.8 Pes 0.8 Lees -Eoos
-1.0)
% ] 5 -L5E Di tion
: 1.6 GW  Pus ' 1.6 GW P ‘
1.0 10
35t
= 03 0.8 GW Pacs & Pucio = 0.8 GW P & Pucro 3o}
g 0 SQ 0 2.5k |
3 - S e oy g
s DCS3 ,s_uj DCS3 :_E, fr: y
“90F 154 GW P 1.24 GW 08 154 GW Paco 1.24 GW Z 1.0 "
) A o i -1 ‘—£—-§’/ o |
| LISGW—""p,, 155GW [ 185 Gw—"p .55 GW 0
0 05 L0 15 20 25 30 335 40 a5 0 05 10 15 20 25 30 335 40 45 HES !

Time (s) Time (8)




Outline

= Massive Inverter-Based Resources




@ MASSIVE INVERTER-BASED RESOURCE

* Modified IEEE 118-bus system with BESS

N

o¢$

@' Fidelity level 1
=)

L~

Fidelity level 2

2
:

-

PV Plant Rec2 Inv2

G- Generator ¢ Load  [] BESS

* BESS: Battery Energy Storage System
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* Multi-fidelity modeling for system simulation

@ Fidelity level 1 - available in PDS/EMT tools
N
PDS: REGC_* REEC_* REPC_*, WTG*

EMT: Average value models, (conditionally) Detailed models

\% Fidelity level 2 — preferred and pursued
. Detailed models with converter circuit and control structure / Hybr.id
modeling?
Challenges: Node number, Switching frequency (e.g., DC-DC)-

Fidelity level 3 - chall '
@' idelity leve challenging CPUSIMT }

Element level modeling for ultra-high fidelity

Challenge: Node number, Switching frequency, Element number

* PDS: Phasor-Domain Simulation
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Modified IEEE 118-bus system modeling

Transmission
& Distribution
Network

AC grid: Regular modeling (EMT, PDS)

VSC: Detailed modeling (power switch)

DC-DC (SST, DAB): State-space modeling

Batteries: Flexible-fidelity modeling

* SST: Solid-State Transformer
* DAB: Dual Active Bridge
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* Mixture of Type 1 and Type 27

%’ Modular architecture
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 Kernel implementation
Multi-rate multi-stream CPU-GPU
Kernel<<<block,thread,M,Stream>>>(...) & implementation

H2D Kernel _

Two-way concurrency (more ways...)
H2D

H2D & D2H: cudaMemcpyAsync(d_data, h_data,
size, cudaMemcpyHostToDevice, stream)

 Skip Type 2 DC-DC kernels if necessary
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* Speedup (T=20 sec, dt=20ps) TYPE 1 BESS SIMULE??&E éPEED COMPARISON
BESS Nonlinear IGBT (i: s) TSSM (i: s)
Type 1 VSC pcc P 0 Scale  tcpu  tgpu tms-gpu  SP tepu  teru  tms-gpu  SP
— 1 0.6 25 22 003 032 20 17 0.02
T T TTT S s 10 46 26 22 02 30 21 17 0.2
NI W00 | V5 — = 100 42 27 23 1.8 27 22 18 1.5
-0 = 1p 1K 422 27 23 18 284 22 18 16
SoC ﬁ‘ ‘H‘ ﬁ Vp 10K 4230 34 30 141 2880 27 22 131
20K 8550 54 45 190 5600 39 33 170
30K 12800 69 60 213 9980 51 41 243
40K 17100 90 79 216 11000 63 52 212
S0K 21200 108 93 228 14100 74 60 235
1 TABLE II
Tvpe 2 DC-DC VSC TYPE 2 BESS SIMULATION SPEED COMPARISON
YP Vig Vo PCC
INE-0I- 10| + + BESS Nonlinear IGBT (t: s) TSSM (t: s)
TR TS = 1p VSC:DC  tcpy  taru tus-aru  SP tcpu  tapu  tms-apu SP
SoC 1:20 1.4 29 26 0.05 1.2 24 22 0.05
TT TT TTTTTT vp 10200 118 30 27 044 107 26 23 0.47
D Vyate 1002K 117 31 28 42 103 27 24 43
1K:20K 1100 34 29 33 1000 29 25 40
S5K:100K 5400 68 64 84 4800 62 59 81
10K:200K 18000 108 101 178 16300 103 100 163
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o MMC submodule

o Power semiconductor switch

* Twofold hybrid simulation:
o CPU+GPU
o PDS (AC grid) +EMT (DC grid + WFs)
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* Adaptive sequential-parallel simulation paradigm

* Sequential/parallel computing dependent on system . Potential parallel processing region
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* Adaptive sequential-parallel simulation paradigm

- ACGrid + DCGrid B | * Potential parallel processing region
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 Speed tests
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e Simulation results By
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