\V /4
INRI

INSTITUTO DE REDES
INTELIGENTES UFSM

. TOKYO
Annd
| WD2& &3¢

ENVIRONMENTAL ASSESSMENT DUE TO HIG

PENETRATION OF INVERTER-BASED GENERATION
THE BRAZILIAN CASE

Prof. Dr. Leandro Michels
Federal Universidade of Santa Maria (UFSM)
Institute for Smart Grids (INRI)

M michels@gepoc.ufsm.br www.facebook.com/leandromichels.sm/

m www.linkedin.com/in/leandro-michels/ |@' www.instagram.com/leandromichels/

ENVIRONMENTAL ASSESSMENT DUE TO HIGH PENETRATION OF INVERTER-BASED GENERATION




\_\yg

Smart-grid Institute, Federal University of Santa Maria, Brazil INRI 3%
DG SPECIALIZED INSTITUTE e MUNICIPALITY OF SANTA MARIA

® Photovoltaics / Wind /
Motor-generator Ethanol
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® Industry funding At
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® Graduate students

TESTING FACILITIES
® Photovoltaics Inverters
® Distribution Transformers

® Wind generators
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Brazilian Power System

Contextualization
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Brazilian Eletricity: Energy Balance 2022 INRI &

Non-REN
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TOTAL STORAGE CAPACITY (HYDRO POWER DAMS)

STORAGE
RESERVE
~ 3.8 month

max STORAGE avg LOAD
~ 290 GW.month ~75GW

Source: National Operator of the Electric System (2023)

NEW ADDITIONS BY SOURCE
WIND ¢ not-dispatchable
m w/o storage Solar

@ Wind
@ Hydro
= A Gas
O
= A Coal
s
A Qi
REN 2 _'
84 7% 3 @ Biomass
é A Nuclar
REN: 80.5% (2013) — 84.7% (2022) 1000 :
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Source: Brazilian Energy Balance - EPE (2023) Source: Statistical Annuary of Electrical Energy - EPE (2023)
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Brazilian Eletricity: Energy Balance 2022 INRI 3

Peak demand: 89 GW

Nuclear e Avg demand: 75 GW ' new
15 GWh.month B WIND + SOLAR
M ,

2,1% avg 1.5 GWh
Fossil

en
new f 9

WIND: 23.8 GW
HYDRO gen SOLAR: 9.5 GW
HYDRO: 22 GW f
T \

\\

. y Y
\\\/""J— Y

4 4%
Biomass

W

220 GWh.month 34 GWh.month

old

‘ HYDRO
20 GWh.month .~ storage

Source: Brazilian Energy Balance - EPE (2023) Source: Brazilian Energy Balance - EPE (2023)

. hydro storage
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Brazilian Source/Load Distribution

ANNUAL ENERGY FLOW

POPULATIONAL DENSITY

430'N | -

. -7

Distribuicdo da Populacéo < i Nl
do BR - 2020* |=F

*.*# 1 Ponto = 10.000 habitantes

* Populagdo estimada

Brasil: 211.755.692 habitantes

Fonte: IBGE/Estimativas de Populagdo 0
Elaboragdo: SEPLAG/DEPLAN - 09/2020

Source: Brazilian Institute of Geography and Statistics - IBGE (2020)
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S: 20.2%
L: 7.5%
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S:21.5%

S: source L: 18.6%

L: load
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S: 22.0% 1
L:17.3% =
Y

S: 25.9%
L: 48.7%

COUNTRY REGIONS
1 N: north

B NE: northest
] cw: center-west
Bl SE: southest

[ S: south

Source: Brazilian Energy Balance - EPE (2023)
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Brazilian Interconnected Power System InRI
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INTERCONNECTED POWER SYSTEMS HVDC LINKS FOR LONG-LINES HIGH-POWER HYDRO

Belo Monte 2

Belo Monte 1
+ 800 kV; 2092 km B
4000 MW

7.3 GW
o storage
Madeira ‘

+ 600 kV; 2380 km

+ 800 kV; 2518 km
4000 MW

Usinas hidrelétricas  Usinas térmicas
(KW) (KW)

@ ow 2 x 3150 MW
‘ 11.233.100 . 886,500
® 344250
~ Centrais geradoras Ita |pu . i
5.616.550
(KW) ; HVDC Inverters
+ 600 kV; 820 km ' :
® i Tensso das - U electrically connected
Lo inhas elétricas 2x 3150 MViuuu— by circuits of 500 kV
138KV N=T
Parques edlicos Usinas solares — 230KVN-=1e1 ok, COUNTRY R
(KW) (KW) — 440KV N=10
@ woie - . LOAD
@ 50000 o 15000 m— 750KV N=1 o
® 45000 SRe @

new HYDRO GENERATORS — reduced environmental impact
w/o LOCAL STORAGE — high-power long dc-lines — inverter-based

Source: https://gisepeprd2.epe.gov.br/WebMapEPE/ (2023) Source: https://gisepeprd2.epe.gov.br/WebMapEPE/ (2023)
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Load vs. Generation INRI %

TYPICAL DAILY LOAD VS. TIME — SUBSYSTEM TYPICAL DAILY GENERATION VS. TIME

30.000 60.000

0 w/ inertia ,
) wio inertia

_

SOLAR

(@) %S GIO w/ inertia — 49% w/ reserve — 49%
LOAD — > 50% SE REGION 1o liesene - 9%

Source: National Operator of the Electric System (2023) Source: National Operator of the Electric System (2023)
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2 High Penetration of

Inverter-based Generation (IBR)
Stability Challenges
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Contextualization: Stability of Electric Power Systems FY
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BRAZILIAN POWER SYSTEM

INERTIA — HIGH: >230GW.s
ENERGY RESERVE — HIGH: hydro + thermal

POWER SYSTEM OPERATOR

GENERATION LOAD +
LOSS TRANSMISSION
LOSS GENERATION

'HIGH INERTIA LOCAL
== (instantaneous B2 M STORAGE
: extra TP ==_ (modulation

of power)

LOAD-GENERATION UNBALANCE

Extra Energy
Reactive support

INERTIA OF GENERATORS
INSTANTANEOUS SYNCRONOUS-CONDENSER
SUPPORT FAST-RESPONSE ESS
INVERTERS w/ EXTRA POWER

LOCAL INERTIA — LOW: ~80% inverter-based generation
LOCAL ENERGY RESERVE — LOW: depends on other regions

EXTRA ENERGY DISPATCH
LONG-TIME SYNCRONOUS-CONDENSER
SUPPORT HIGH-CAPACITY ESS

INVERTERS w/ EXTRA ENERGY

LOW LOWER
INERTIA am LOCAL

(low f STORAGE
reactive 1] (maximum
support) power)
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Brazilian System Operation: Typical Day 2
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TYPICAL DAILY GENERATION VS. TIME STABILITY SUPPORT

32 GW 8 GW 1 GW 8 GW |12 GW 22 GW
HIGH INERTIA MEDIUM INERTIA SMALL INERTIA

8w inertia ' ' ENERGY ENERGY STORAGE
(J wio inertia o i STORAGE W/ W/ SLOW
/ ' FAST RESPONSE RESPONSE

W/O LOCAL ENERGY
STORAGE

THERMAL GENERATION: STABILITY SUPPORT

32 GW LOW lNERTIA GEN B THERMAL: 4 Gw |

THERMAL: 8.2 GW

22 GW

e

SOLAR HIGH INERTIA GEN*
- +

@R
- sall ol ol W
: ] &
Aswadn @

THERMAL REQUIRED
— SYSTEM SUPPORT

HIGH STORAGE

Source: National Operator of the Electric System (2023)
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2023 Brazil Blackout: Whats happened? INRI

RECORD WIND GENERATION — NE SUBSYSTEM NATIONWIDE OUTAGE — LOAD CUTTING

~ & NE SUBSYSTEM

18.6 GW
145% of the
subsystem load

NE: 61%

31%

SE-CW: 20%

22%
23% 29%
20%

19%
14%

23%
26%

S:20%

Source: National Operator of the Electric System (2023) — Blackout preliminar report
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2023 Brazil Blackout: What happened?

v Nordeste
Geragdo Verificada |Programada Geragdo Verificada |Pro ada
Hidraulica 2.493) 2.514 Hidraulica 2.539 2.459
Térmica 1.399 1.389 Térmica 3
Edlica 210 304 Edlica :
Solar 3 0 Solar 3.681
Total 4.104 4.207 Total 23.334
G [Veihoda [programaei]
Total 6.588| 6.561|
FNXG =3.463 MW | Limite = 6.000 MW,
Fo e Q ‘ ® I FNEN = imite = 5.800 MW EAULT IN A
Geragio |Verificada [Programada Portojigho
Hidraulica 35.284|  35.267 o, RFr \ 4 TRANSMISSION
Térmica 9.698 9.829 \\ \ ey "t =4 000 Mw LINE
Edlica 16.748 17.256 S Ul \ ’ FNESE = 6.392 MW | Limite = 7.000 MW
Solar 5.777| 6.124 \
L 67'508| gese \‘ . FNS+FNESE = 6.920 MW | Limite =9.600 MW
Carga Verificada |Programadal 3697 ;7
Total 67.507| 68.200| Bty
Itaipu son® Sudeste/Centro-Oeste
ﬁ Geragdo  |Verificada |Programada
5 Hidraulica 20.180 20.088
Geragdo  |Verificada |Programada Térmica 6.445) 6.505
Hidraulica 10.073 10.206 Eélica 3 3
Térmica 1.468 1.486) Solar 2.562 2.441
Edlica 218 204 Total 29.189| 29.037
Solar 2 2
Total 11.761 11.898 Carga Verificada |Programadal
| Total 38.882]  39.165)
FiunoAC Carga Verificada ]Programada|
mm==p  FluxoDC Total 11887  12.23)

Source: National Operator of the Electric System (2023) —
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UFSM

Blackout preliminar report
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2023 Brazil Blackout: Why did it happen? .‘ﬁ*’.ﬂ@

ANALYSIS FROM NATIONAL SYSTEM OPERATOR

Tensdo Acu 11 500 kV

- PMU
530 ms . — Simulagao - Base Padrao

SYSTEM SELF
RECOVERY
NO BLACKOUT

PREDICTED BY
MODELS

-]
@

]

WHY THIS
DIFFERENCE ?

VOLTAGE (p.u.)
\

SYSTEM
COLPAPSE
BLACKOUT

Source: National Operator of the Electric System (2023) — Blackout preliminar report
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Potincia Reativa - Mvar

| REACTIVE POWER §

201

o

2023 Brazil Blackout: IBR Response

Poténcia Reativa EOL1

— Oscilografia
—Simulagio

Inverter — no reactive support

b
i ‘.\ o .

\/ N ———

Oscilografia x Modelo oficial do parque

002 004 006 008 01 012 014 016 018 02 022 024 02 02 03 032 034 036 038 04 042 044

0 002 004 006 008 01 012 014 016 018 02 022 024 026 028 03 032 0334 036 038 04 042 044
Tempo - sequndos

MEASURED
RESPONSE

PREDICTED BY
MODELS

MOST
WIND
+ SOLAR —
COMPLETELY
DIFFERENT
FROM MODELS
CONSIDERED
FOR PROJECT
APPROVALS

HIGH
RISK 1!

Poténcia Reativa - Mvar

\L!’ﬁ
INRI
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SOLAR GENERATOR 1
[ REACTIVE POWER |

] Oscilografia x Modelo oficial do parque
120
100
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= Simulagio
60
i Inverter — no fast support
n —\‘l——— — e EEEEE— )
- <—> / \/
j’
C [
i J‘
20 \J
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3 High Penetration of

Inverter-based Generation (IBR)
How to avoid the problem?
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Immunity to grid frequency/voltage disturbances INRI
REACTIVE INJECTION UNDER FAULTS ACTIVE INJECTION UNDER FAULTS VOLTAGE RIDE-TROUGHT
A
é 1.1 during > 5s B wind 1.2
3 1.1
2 1.0
T ) ; Mandatory not
= £ | disconnect i
£ - i U i i i
— o 1 i 1 1
c o ! i i i
G’_J () 1 1 1 1
5 PN R N 1 i i i
o 202 P P 0.2+ ; i i
= i i P P i i i
) i i P P i i i
S : : iy ' ' iy
14 59.8 60.2 62.5 63.0 0 05 1.0 25 5.0
Voltage (pu) Frequency (Hz) Voltage (pu)

RESPONSE SHOULD BE RESPONSE SHOULD BE RESPONSE SHOULD BE
INSTANTANEOUS INSTANTANEOUS INSTANTANEOUS

Source: National Operator of the Electric System (2023) — Grid Code for High-Power Plants
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Inverters may be tested in many conditions INRI

TEST: IDEAL GRID CONDITION (CERTIFICATION)

INVERTER GRID
PV SIMULATOR UNDER TEST SIMULATOR

Grid conditons: ideal (no harmonics, zero impedance)

Test of immunity for critical cases: pré-defined sequence,
each test done after inverter is turned on

Test for a single inverter

REAL: NON-IDEAL GRID CONDITION

GRID
PV MODULES INVERTER CONDITIONS

Grid conditions: distorced grid, variable impedance

Critical cases: not same of pré-defined sequence,
normally several times

Power plant: multiple inverters operating togheter
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Case study: Ideal vs. Real grid condition IRl &
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TEST: IDEAL GRID CONDITION (CERTIFICATION) TEST: REAL GRID CONDITION
Grid conditons: ideal (no harmonics, non-zero impedance)

Test of immunity for critical cases: pré-defined sequence,
each test done after inverter is turned on

Test of immunity for critical cases: pré-defined sequence,
each test done after inverter is turned on

Inverter do not disconnect

1.22726s -3.22186 V AX = 200.004 ms
7.42726s -249.344 mA 1/AX = 4.99989 Hz
AY = 297251

Inverter disconnect

7.15369 s 79.5588 Y AX = 200.057 ms
7.35374s 343.841 mA 1/AX = 4.99857 Hz
AY = 79.2149

Source: Msc. Thesis Igor Bitencourt (UFSM, 2022) — inverter for DG
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Software realibility: An important point! IR
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Lion Air Flight 610 Crash: Oct 29t 2018
s s \-

TRANSPO / AVIATION / TECH

Boeing finds another software problem
on the 737 Max

/ It’s at least the third flaw found
since the plane was grounded
last year

By Sean O'Kane
Feb 7. 2020, 2:42 AM GMT+8 | [0 0 Comments / © New

w) {1 &

Inverter software realiability must be also tested
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POWER SYSTEM INVERTER ENVIRONMENT

Real inverter Real inverter

control board control board

Inverter
control board

Source: IEEE 57-bus system
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Conclusions
Perspectives
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Conclusions INRI

UFSM

High penetration of renewable generation on electric
system — forward full energy transition

Some moments > 50% of energy from
inverter-based resources

FROM

BRAZILIAN
EXPERIENCE

Power system — stability issues

New solutions must be developed to test
inverter-based resources under fault conditions

Colaborative research
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