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Overview of Power Systems

* (a) Generation, (b) Transmission, (c) Distribution, and (d) Load

Generation:

* Generation or power plants, e.g., coal,
natural gas, hydro, nuclear, solar, an ”%Wi“‘i,j"j"@n“%"
wind.

* Voltage range : 1 kV- 30 kV.

TRANSMISSION LINES
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SUBSTATION
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Transmission system:

* Deliver power from generation plants
to load centers/distribution systems.

* Voltage range: 69 kV - 765 kV.

* Meshed network.

Distribution system:
 Distributes power to end users.
* Voltage range: 120V - 35 kV

e Radial network.

STEP-DOWN TRANSFORMERS:
at commercial & residential
local power poles



Blackstart in Transmission Systems

* The process of restoring an electrical grid to operation without relying on external power sources.

* Performed after a widespread outage, i.e., a complete blackout. Blackstart

G&tj ..

,_I:lon-blackstart

Blackstart in transmission systems:
e Activate blackstart generators.
e Establish cranking paths to energize non-blackstart

Gen.
generators. " o
* Restore loads. % t
Blackstart generators: dﬁ
* Designed to self-start without the need of external power W 2
sources.

* Such as diesel generators, hydropower plants.

Non-blackstart generators:

* Require power from external sources to start, i.e., cranking
power.

e Such as coal plants, nuclear plants, and renewable sources
without storage.




Blackstart in Distribution Systems

Conventional Distribution Systems

* Distribution system blackouts are caused by
transmission grid outages and can only be restored
after the transmission grid recovers.

* No blackstart.

Modern Distribution Systems with Distributed

Energy Resources (DERs)
* DERs such as solar PVs, battery storage systems.

e Restore critical loads and/or the entire distribution
system while waiting for the transmission grid’s
recovery, thus significantly enhancing grid
reliability and resilience.
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Not Every DER has Blackstart Capability

Grid-forming (GFM) sources Grid-following (GFL) sources
* Act as voltage sources, capable of e Act as current sources which requires
regulating voltage and frequency. voltage and frequency references for
* Essential for blackstart and microgrid power generation.
formation with renewable and storage * Cannot self-start.
units. * Typically used in grid-connected
e Typically used in renewable and renewables such as solar and wind.
battery setup with microgrid capability.
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Blackstart and Load Restoration

N Transmission System Distribution System

e Turn on blackstart-capable generators. T e s
g *  Large generators with self- e+  Diesel generators.
. . . ‘ . e o . .
e Energize the cranklng paths for starting starting cap'ablllty, e.g., Dl'strlbuted renewables
hydro, gas-fired with battery energy

other non-blackstart generators.

J generators, etc. storage systems.
~ e 10sor100s of MW insize. *  100s of kW in size.
e Pick up critical loads. Establishing cranking paths
o e Cranking paths are e Cranking paths are
) established while isolating established while
e Synchronize islands. loads. energizing non-switchable
) *  Meshed in nature. loads.
* Radial in nature.
~
J * Highinertiaand highshort * Low inertia and low short
circuit capabilities. circuit capabilities.




Challenges of Blackstarting Dist. Sys. with DERs

*  Cranking paths and load pickup optimization depend on the number and locations of grid-forming resources.
*  Modeling challenges of Grid-forming Inverters and their synchronization.
o Grid-forming inverters are the root generators*.

o While synchronizing, for every two grid-forming inverters, one must change to non-root generator to
satisfy radiality constraints.
* Incorporating binary switching decisions into a three-phase unbalanced power flow.
*  Dynamic radiality constraints.
o Radiality must be satisfied in every time step. However, existing studies only ensure radiality in the final
topology.
o Must have time-varying radiality constraints adaptive to changing numbers of active lines, buses, and root
generators.

*  Frequency stability constraints.

* Uncertainties.
o Renewable generations and load demands.
o Outage duration of the transmission grid.

* Root generator is a mathematical concept in graph theory to define a radiality constraint. It doesn’t change the control structure of grid-forming inverters.



Blackstart with One Grid-forming Inverter

The distribution feeder comprises bus blocks
separated by switches.

A bus block refers to a cluster of buses that
are interconnected by non-switchable lines.
DERs with battery energy storage systems
(BESS) are Grid-forming resources.
Grid-forming inverter initiates the blackstart.
Switch is closed to energize bus blocks one
after another to enable
inverters to come online.

grid-following

A series of switching actions to establish
cranking paths is shown in the figure.

Grid forming inverter (GFMI)

1 Grid following inverter (GFLI)
e node O switch

Step 1: Turn ON GFMI 1.

substation
B0 l close
<«

Step 2: Close the switch
l to energize bus block B2.

Step 3: Energize B1 to
bring PV back onIine.8



Blackstart with Two Grid-forming Inverters

Grid forming inverter (GFMI)

> Grid following inverter (GFLI)
e node O switch

Step 4: Synchronize two microgrids.

Step 1: Turn ON GFMI 1
and GFM2.

bus Step 2: Close the switches
to energize bus block B2
and B3. Switches are closed
sequentially to expand the

Trans.
grid

microgrid boundaries and Step 5: Synchronize the entire distribution
1 cranking paths bringing the With the transmission grid.
e GFLIs online.
b i e
Trans. e z Step 3: Energize B1

inthe MG1, and
B4, and B5in MG2
bringing PVs online.




Distribution System Blackstart Problem Formulation

*  The objective is to maximize the restored loads considering priorities.

Nomenclature:
B set of buses with critical load
mxax z Z P, | At Byy: set of buses with non-critical load
I€EBcLUBNL

teTr J: time horizon of problem

*  Subject to constraints: At: time step

*  Decision variables (x):

Sequence of energizing cranking paths.

. . . . P; +: power demand at time t in it" bus
Grid-forming inverter operation and synchronization.

Switching operations.

Dynamic radiality constraints.

Frequency constraints.

Distribution substation constraints (uncertain availabilities of transmission grid).
Three-phase unbalanced power flow constraints.

Cold load pick up

Cranking paths and load pickup
optimization depend on the

Sequence of activating grid-following resources. number and locations of grid-
Sequence of synchronizing decisions. forming resources.
Sequence of load pickup. 10



BES-based Grid-Forming Inverter (GFMI)

Nomenclature:

Vin¢: SQuare of voltage magnitude.
IV*: Nominal voltage

R: Set of buses containing GFMI
®: Set of phases

e  QOur GFMI model is based on the control structure of a

virtual synchronous generator.

e To comply with the branch-flow model, we will use the f*: Nominal frequency
) ) H;: Inertia constant
square of voltage magnitude as the control variable of GFMI, D;: Damping constant

f.
K; : Frequency droop

as.
STt Inverter rating

Vine = V> +Avf{ VieRnNeD

f A fsyn

(0.95V*)? < v;,,, < (1.05V%)?

VSM

*  The quasi-steady state frequency of GFMI is defined as: _ characteristics

] 2nf 0!
fit — f*( ZnECDplnt > =1 2Hs + § i P,
‘ Slrat(Dl-l-Kif) | l___:__f__i GFMI
lfP5] < fie < [fT] PI v Q.
control

11



Dynamic Frequency Response of GFMI

* GFMI is required to comply its dynamic frequency response

in terms of RoCoF and frequency-nadir for secure operation.

O  RoCoF:
f'R — Zned) Apfg,t
V28T H,
d  Frequency nadir:
. Yned ApEst
M =fi—f ., (14 y;)

sret(D; + k)
*  Dynamic frequency constraints:

RoCoF™™ < f® < RoCoF™®
fmin < fi?:ad < fmax

Nomenclature:
ifzt : Rate of change of frequency (ROCOF).
pffl’t: Active power BES-based GFMI
y; : Constant exponential term
®: Set of phases
f*: Nominal frequency
H;: Inertia constant
D;: Damping constant
Kl-f: Frequency droop
STAt: Inverter rating

f A

intial @SS point >t

final QSS
point

“-Nadir 12



Verification of Dynamic Frequency Response from a GFMI

*  RMS model of IEEE 123 feeder with VSG-based GFMI was developed in DigSILENT PowerFactory.

* The dynamic frequency responses of GFMI are recorded for 1, 2, and 10 MW load pickups.

* Measure the estimation accuracy for e T —
. Quasi-steady state frequency . .
§ 59.98 59.96 59.80
: R OCO F g 59.97| 59.94 59.70
. [
‘ Frequency nadlr 5998 0 0.2 04 086 0.8 w8 0 0.2 04 0.6 0.8 5080 0 0.2 04 0.6 0.8
Time (s) Time (s) Time (s)
* The estimation accuracy are above 90%. VALIDATION OF ESTIMATED FREQUENCY RESPONSES
Pick-up load (MW) [ 2 10

* Note that, the dynamic frequency responses are Measured F (Hzs) 03520 -0.7058  -3.6106

Estimated f (Hz/s) -0.3780  -0.7500  -3.7500

estimated without requiring to run dynamic models. Accuracy of f (%) 92.89 93.74 96.14
Measured f™*? (Hz)  59.9629 59.9251 59.6161
VSG-BASED GFMI PARAMETERS Estimated f™** (Hz)  59.9635 59.9272  59.6357
Accuracy of fm‘:E (%) 08.38 97.20 94.89
Parameters values in pu peasuted A ﬁﬂzﬁ 09602 59.9310 39,6490
stimate ¢ (Hz 59, 59.9333 59.
(H,D,K’ ) | (4,1, 89, 0.093) Accuracy og £95° (%) 9882 9751  94.99

13




Modeling Synchronization of GFMIs

Nomenclature:
GFMI needs to adapt its frequency set-points to allow synchronization with Af'; : Perturbation in
other GEMIs. no_minal*frequency set-
point (f ).
It is achieved by allowing to change frequency-setpoint of GFMI while 8 ¢: Binary decision
variable, which tends to
be 1 during
synchronizing period.

performing synchronization.

= fr(1— ZneoPine ) 45, ap
fie =1 it Afie

S[at(Di+Kif)
8; ¢ is a binary variable that is set to 1 only during the synchronizing period.
The above formulation leads to master-slave synchronization, where only a
GFMI attempting to synchronize, allows to change ™.
We implement a co-operative synchronization approach, allowing all GFMIs to
decide a suitable synchronizing frequency, as:

fir=f"11- ZnedDPFSt n ZS Af*
it Sirat(Di+Kif) b,t it

beER

14



Switching Structure of the Distribution System

* Blackstart and restoration depends on switching structure that may comprise of

Bus b|.OFkS ' Nomenclature:
Energizing switches y5: status of i bus

Synchronizing switches Yij: status of a line (i, j)
yBB - status of bus block m

Modeling Bus Block Energization

* Abus block is segregated by multiple switches and will be energized by closing any of them.
yob > yf}”{ Vswitches (i, j)in bus block m
* After a bus block is energized, statuses of all buses and lines in this bus block must be changed to

active.
L — BB li es i b S block d B = yBB Vb inb block
yij,t = ym’t Viin n ou OCKm an yi,t ym,t uses in nus OCKmMm

* Once a bus block status is active, it should not be inactive again.

BB BB
Ym,t = ym,t—l
15



Modeling Energizing Switch (ESW)

ESWs are turned ON to power the inactive bus blocks.
Breaker, reclosers, or tie-switches.

An energizing switch (i, j) may have five states while blackstarting.

J

1: cannot be closed 2: may be closed

3: may be closed

i J

All five states of the switch can be defined as:

states yft*l yftfl yﬁ?ﬁfq Ayé-‘_”f

1 0 0 0 AyEW=0
2 0 1 0 Ay <1
3 1 0 0 aysW <1
4 (after closing) 1 1 1 Ayiﬁ}‘jg':o
5 1 1 0 Ay§W=0

4: after closing

: -

i J

—)

Nomenclature:
yis: status of i bus

yf]”t’ status of a switch (i, j)

5. cannpitbe josad Ayisj"/{/: change of switch status

: fi ¢+ frequency at bus i
i ’

SW _ B B
Yiit S Vit-1 T Vjt-1

SW _ SW _ . SW
Ayiit =Vije —Vijt-1

sw B B
Ayij,t S2—-Yit-1— Vi1

Ayisj‘,/'{ >0

When a switch (i, j) is closed, f; = f;, whereas when switch is open f; # f;
~(L=y§OM < fie = fie < (L= yi)M 16



Modeling a Synchronizing Switch (SSW)

Switch equipped with Intelligent Electronic Device that facilitate synchronization.

SSWs can energize bus blocks or synchronize the microgrids.

An SSW (i, j) may have five states while blackstarting.

1: cannot be closed 2: may be closed

| | |

i j

j

3: may be closed

j

All five states of the switch can be defined as:

states

B
Vit-1

B
Yit—1

sw
Yije—1

Ayu t

1

0

0

0

Ay;=0

2

0

1

0

Ay <1

3

1

0

0

Ayt <1

4 (after closing)

1

1

1

Ay;%=0

5 (before closing)

1

1

0

Ay <1

When a switch (i,)) is closed, f; =
_(1 _yut)M <fie —fie = (1 yl]t)M

4: after closing  5: may be closed

j

Nomenclature:
yi;: status of it bus

ylS]V't/ status of a switch (1, j)
Ay:¥ it - change of switch status

i fi+: frequency at bus i

yl]t —ylt 1+3’]t 1

- Ayl]t yls}t yl.S}VIt/' 1

Ayl]t =0

= fj, whereas when switch is open f; # f;

17



Power Flow Constraint for SSW

*  While closing an SSW, ideally the power flow across it should be zero.

* This is imposed to match the voltage magnitude and angle of bus i and j across the switch (i, j).

Switched ON
-1 to synchronize

\ ¢ t+1 Nomenclature:
= oo Pyj 1+ Active power across (i, j)
i _°I'.'J’— i Q;j: Reactive power across (i, j)
Pijt—1=0 —€<P;;<e€ —M < Pjji <M z;j .+ binary variable defining
Qije-1=0 —€< Q<€ —M < Qjjty1=M synchronizing instant.

* At synchronizing time-step, the following condition holds.

Zij,t_ l]t(ylt 1+y]t 1 yl]t) -1
* Theabove three states of power flow across SSW is defined with respect to z;; ;.
—(1 _Zij,t)M_E < P]t— € + (1 _Zij,t)M

—(1 — Zij,t)M —e< Ql]'tS € + (1 — Zij,t)M
18



Dynamic Radiality Constraints

Generally, radiality constraint states: ). lines = ). buses — ), root buses
In black start problem, the number of active lines, buses, and root buses are

dynamic.
L _ B SS
Z Yijt = ZYb,t + z Yt — Re
(i,)EL beB bEBq
where,

— ES SS
Ry = Z Yot T z Yb,t
bER bEBgs
ES ES
Yot < Vot-1 VDER
Considering R; as an optimization variable allows synchronization of islands.

GFMI are assigned to be root generator (y€f=0 = 1) when the black start is
initiated.

When a GFMI generator is switched to non-root status, the synchronizing

binary variable (6} ¢) is activated, as:

yES =1- Z 5y¢ Vb € R
t€lty,7]

Nomenclature:

yi;: status of line (i, j)

L: set of lines

yE: status of ith bus

B: set of buses

ygf: status of substation bus

Bss: set of substation buses

R;: number of root buses, i.e., grid-
forming inverters

ylEtS : status of GFMI as a root generator
R: set of buses with GFMI.

19



Case Studies with IEEE 123-Bus System

Color index for lines/nodes Elements Color index for load
| R 2 -9 -- ESW & SSW @ Non-switchable .
Oev e Switchable Graph representation of IEEE 123 system

0
"3

Trans. 4

grid (TG)

System Information:

. Peak demand =3.49 MW, 60% of loads are non- - Black start resources: Two BES inverters

switchable; 11 bus blocks and 11 switchable lines. . Non-black start resources: 965 kW of distributed PVs
20



Simulation Results with TG recovering at 12:00

TG recovers at 12:00 which is 180 min after blackstart 08(: 0o 0% 0950
*  Blackstart initiated at 8:45. L. = :m ¢
*  Cranking paths from two grid-forming inverters extend at each ® * B,BB @ @ m“ & . & .
time step. : "Bs g™ 1.:11'56_.510 : 'Ei:sm o ‘@.
*  Note that there are two islands until 9:45. 0945 synchCization10:00
* Islands merge at 10:00, where GFMI2 changes to non-root
generator to support synchronization.
* At 12:15, the entire distribution system is synchronized with the
transmission grid, while GFMI1 changes to non-root generator.

Note that the system is radial at each intermediate stage of black

start.
Non-switchable loads Switchable loads .
— Bl — B4 — Bl — B4 H B8 B8
SN 2E T8 W S LR LR LY >
o4 0.2 4 k
0.2 4 ~—— . \

TG

Load (MW)

L \ = : — :‘io‘ . 7.: : — S'i., K synchronization
H B8 —— B11 0n 7— B8 —— B11 k ) ) .
oz{ NN /& Time evolution of cranking paths

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
o dm T ARFSIRTSARGTE SR ToeodmT S ARTE A RTESRTES SR

R - - == e e ] R - == s e ]

time (hh:mm) time (hh:mm} 21



Results: Node Voltages on Bus Blocks
- When black start is initiated at 8:45, ;ggv'e_=\==| 1000 1 h-'%
only root bus 51r and 89r is active. o e e

1.025
° BUSbIOCkSB4andBllare mug5_ rrrrrrrrrrrrrrrrri %:ggg-llllllllllllllilll
energized at 9:00. _ ?m—:—\___ 1000 4 ﬁ%
0.975 1
- B2, B7,and B9 are energized at B

9:15. oy 1.000 -

B1

51r/89r

4

B3

B11
B6

B10

- The last bus block B8 is energized at _
~ 1.00 o h | 1.000 g \
12:30- i 0.95 rrrrrrrrrrrrrrrrrrnri 0.975 1 rrrrrrrrrrrriri

- Node voltages at the active bus g 1000
blocks are all within 0.95 to 1.05 pu. '

BS5

B8
ocoo
oo
~Jcoco
non

L1

TT 11711 TTTTTT T T TTT
nownono INOWNoNOINOW oINS
Angoon Tedngednyeanigangadn
£ £ o CBRARNESEES

o -

I
nononononouno
FOAMTOAMTOAM

BARTROSSSO AN
e e L]

time (hh:mm) time (hh:mm)



Results: Frequency
«  Frequency of GFMIs are at 60 Hz when
they are started.

- Their frequency dropped while restoring
loads.

- Two GFMIs is synchronized at 10:00.

«  Both GFMIs are synchronized and
reconnected with TG at 12:15.

«  RoCoF and frequency nadir are within the
secure limits in the entire process.

-  Security limits are:
-  RoCoF: (-4 to 4 Hz/sec)

- Frequency nadir: (57.8 to 61.8 Hz)

P o — GFMI1(51r)

—— GFMI(51)  —— GFMI2(89r) |

—— GFMI2(89r) |

T T wm wm  ym gm oy g ym g oym g am g oy



Overall Performance

Overall restoration performance

12 5_’ Counterfactual diversified demand Transmission grld
) Total load restored — recovered
g 10.0- Non-switchable load restored /
’ —— Peak power capacity )
S . Cold load pick up efffect
S 7.57 Total load restored while pieicup TOt"’t‘I Ioa:jd t the end
S 5ol forming cranking paths | __— restored at the end.
O 254 Start time\‘/\
0.0 < ~ Non-switchable loads
) T T T T T 1T 1T 1T 1T T T T T T T T T T T T 1 being restored
®
g% 1.0
L 0.5
< T 1T T 17T 17T 1T 17T 17T 17T 17T 17T 17T 17T 17T 17T 17T 1T 1T 1T T1 .
s PV available power Restored PV power - Agigregate generation of
online PVs

= 0.5 — |
E OO_ T 1T 17T 17T 17T 17T 17T 17T 17T 17T 17T 17T 17T 17T 17T 17T 17T 17T 1T T1

S BREr883103930393039303Y 8

“ PRPPIPoo0 s NNNNOOO® 2

time (hh:mm)
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Field Demonstration Plan

« The field demonstration will be

conducted in one distribution feeder . =
of a Midwest utility company.
A
- Number of buses >500 L 0
- Number of loads >300 s
- Number of switches > 10 =
- Total installed solar PVs > 600 kW ‘*:‘f_fk-f e
- Peak demand > 500 kW N
- Battery storage = 1.25MVA/1.5 A=
MWh fik";;; .

Trans.
grid

N Grid forming inverter

. Nodes with switches
[ | Nodes with PVs

NREL-led DOE SETO Project “Solar-Assisted, Stakeholder-Engaged, Autonomous Restoration with Data Orchestration (Solar-HERO)” 25



Building lowa’s First Renewable Community Microgrid

Goals

1.

2.

Transform Montezuma to be the first community microgrid in
rural lowa with the best reliability and resilience.

Demonstrate renewable MG as a technically and financially
feasible solution.

Team members

Zhaoyu Wang (Lead PI), lowa State
Anne Kimber (Co-Pl), lowa State

Kevin Kudart (Co-Pl), Montezuma Municipal Light and Power

Impacts

Stabilizing electricity rates for Montezuma residents.
Improving reliability and resilience.

Transitioning to renewable energy.

Demonstrating replicability of the technology.

Poweshiek

Count

lowa

Budget:

* Federal funding: $ 9,484,385
e Cost share: $2,376,570
Duration: 48 months

26



Building lowa’s First Renewable Community Microgrid

2.5 MW solar array, 1.5 MWh battery energy storage system (BESS), intelligent MG controllers, a new
SCADA, AMI-enabled load control, EV chargers, and new substation switchgear and relays to
automate operations and enable islanding from its single radial 69-kV transmission line when

conditions force it to operate as a self-sustainable MG.

Status quo After project completion
Generation No Solar, No BESS 2.5 MW Solar, 1.5 MWh BESS
Normal operation: 10,521 Normal operation: 8,818.5 metric
Carbon metric tons/year, Islanded tons/year,
Emission operation: 51.5 metric Islanded operation: 29.6 metric
tons/day tons/day
Vintage substation New metal clad switchgears with
switchgear built in 1960s, old 15kV circuit breakers & digital
Substation oil switch breakers, relays. Islanding and auto
mechanical relays are synchronization functionality as a
obsolete MG
Load AMR system, nc.v ‘Ioad control AMI system with load control
capability
Control No SCADA, manual SCADA + MG Controller
control/check
EV No charging station Two level-3 chargers

1

- Mai_n St

" s
o

“Power Plant Sub
3. 13.2/2.4 kV

Proposed site for

solar araK&BESS

i Proposed site for EV
® l chargers

South Sub
69/13.2 kV

City of Montezuma

27



Conclusion

The integration of DERs makes it possible to blackstart power distribution
systems while waiting for the recovery of transmission systems.

We developed a new framework to enable using DERs to blackstart distribution
systems. The framework integrates (a) Blackstart capable GFMIs with frequency
constraints, (b) Sequential expansion of microgrid boundaries to establish
cranking paths to energize GFLIs, and (c) Synchronization of dynamically formed
microgrids.

The framework integrates quasi-steady state and dynamic frequency
constraints to ensure frequency stability during the blackstart.

Timely synchronization of dynamically formed microgrids during the process
adds up total capacity, allowing more loads to be picked up.

28



Thank You!
Q&A

wzy@iastate.edu
https://wzy.ece.iastate.edu

[OWA STATE UNIVERSITY


mailto:wzy@iastate.edu
https://wzy.ece.iastate.edu/

Benchmark Model for Blackstart and Load Restoration

Proposed Model:

- Both energizing and synchronizing
switching are optimized.

Benchmark Model:

- Only Energizing switches are optimized.

- Synchronizing of microgrid islands is

conducted after TG comes online,

where the islands are connected one

after another.

Benchmark model

synchronlze -

J/ island \\\‘ /- “lsland ™

' @ \ AN )

— Large |s|and — /" ' —} E/
synchronize synchronlze]

\4 w e Islancr NV /I/si,lanar' \‘\
< N2 S

~——— Large |s|and,_,_f7 - — -

Proposed Model

synchronize ——

223
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Cranking Paths with Benchmark Model

08:45 09:00 09:15 09:30

Cranking paths with benchmark ® ¢ ¢, ¢ :B, ) ;;." %Z'"
model slightly different than the = e Y e ©F »
proposed model. o G oent o P—a@ T C—: e Cd.
The difference is due to delayed ' ' '
synchronization. %I. %I'

This also led to delayed
energization of bus block B8.

TG synchronization

MG synchronization



System Frequency Results with Benchmark Model

- GFMI1is synchronized with TG
at 12:15.

- GFMI2 is synchronized with TG
at 12:30.

- RoCoF and frequency nadir are
under secure limits.

61
N60.5
= 60 -
8 59.5

—— GFMI1(51r)

—— GFMI2(89r) |

u-sg I I I I I I I

RoCoF
Hzls ec)

r.n-h-o#;\cln

—— GFMI2(89r) |

57.8_]

3
~
3y

Freq. nadir (Hz)
o o
o
<

T = wm oy g ym  ymm g gm g g gem g e g
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Restoration metrics: Proposed vs Benchmark

Two metrics are considered:

1.  Customer hours restored
2. Restoration time

For the case, where TG is recovered at
12:00, the proposed method has 1.46%
better customer hours restoration
metrics.

And the proposed method is faster by 15
mins in restoration.

The improvement on the metrics for
longer outage durations improved
marginally for 2-GFMI case.

4 4 total restoration time 3 —*= Proposed == benchmark
E 34 totalrestoration-time f L
g L J L4
€ 21
(]
£
a1
0 T LI T T T T 1T 1T 17T 17T 17T 17 17T 17T 171 T T T
§§§§§§828#828€828£828# g
”””” tme (hemm) )
PROPOSED VS. BENCHMARK METHODS: 2-GFMIS CASE
. Customer hours DS restoration .
T,[G n(ei- restored (MWh) % im-  time (min) 1n'1p(;' i
S 01;9 proved ove
A proposed benchmark proposed benchmark (mins)
10:00  26.99 26.93 0.22 105 105 0
11:00 26.25 25.95 1.16 165 180 15
12:00  23.67 23.33 1.46 225 240 15
13:00  21.11 20.74 1.78 285 300 15
14:00  18.05 17.61 2.5 345 360 15
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Restoration metrics: Proposed vs Benchmark (4-GFMiIs case)

Note: For a fair comparison, the power and energy capacity

for both case studies are equal.

Case studies - 2-GFMls 4-GFMls

51r: 2.45/4.6
89r: 2.65/3.42

51r: 1.25/2.5, 89r:
1.5/2.35, 29r: 0.95/1.17,
152r: 1.3/2.0

Location: capacity
(MVA/MWh)

PROPOSED VS. BENCHMARK METHODS: 4-GFMIS CASE

Customer hours DS restoration
It?)red- restored (MWh) o i“(‘l' time (min) :]Tep(f i
’ prove ]
at proposed benchmark proposed benchmark (mins)
10:00 27.86 26.57 4.86 105 135 30
11:00 26.59 25.28 5.18 165 195 30
12:00 23.96 22.64 5.83 225 270 45
13:00  21.35 19.54 9.26 285 330 45
14:00  18.29 16.41 11.46 345 390 45
. 11.46% improvement in customer hours restored and

45-minute improvement in restoration time.

Color index for lines/nodes Elements Color index for load
B 3¢ -0 -0 - ESW -E} SSW @ Non-switchable
® Switchable
d—q29r GFMI 1 ¢ Qrv

| Ir B4
32 L 30 250 Zj qQ
5031

37 29
PR s
27 ~ \

grid (TG)

34



	Slide 1
	Slide 2: Overview of Power Systems
	Slide 3: Blackstart in Transmission Systems
	Slide 4: Blackstart in Distribution Systems
	Slide 5: Not Every DER has Blackstart Capability
	Slide 6: Blackstart and Load Restoration
	Slide 7: Challenges of Blackstarting Dist. Sys. with DERs
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34

