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Abstract—The growing proliferation of distributed energy
resources (DERs) is significantly enhancing the resilience and
reliability of distribution systems. However, a substantial portion
of behind-the-meter (BTM) DERs is often overlooked during
black start (BS) and restoration processes. Existing BS strategies
that utilize grid-forming (GFM) battery energy storage systems
(BESS) frequently ignore critical frequency security and syn-
chronization constraints. To address these limitations, this paper
proposes a predictive framework for bottom-up BS that leverages
the flexibility of BTM DERs through Grid Edge Intelligence
(GEI). A predictive model is developed for GEI to estimate
multi-period flexibility ranges and track dispatch signals from the
utility. A frequency-constrained BS strategy is then introduced,
explicitly incorporating constraints on frequency nadir, rate-
of-change-of-frequency (RoCoF), and quasi-steady-state (QSS)
frequency. The framework also includes synchronizing switches
to enable faster and more secure load restoration. Notably, it
requires GEI devices to communicate only their flexibility ranges
and the utility to send dispatch signals—without exchanging
detailed asset information. The proposed framework is validated
using a modified IEEE 123-bus test system, and the impact of
GEI is demonstrated by comparing results across various GEI
penetration scenarios.

Index Terms—Distributed energy resources, model predictive
control, grid-forming, grid edge intelligence, frequency security,
synchronization.

I. INTRODUCTION

HE Distribution System (DS) is reportedly vulnerable

to high-impact, low-probability events such as hurri-
canes, tornadoes, and ice storms. These events often trigger
widespread blackouts that adversely impact economic and
social security. Therefore, rapid load restoration following a
blackout, known as black start (BS), is critical to the resilience
and reliability of the power system. More importantly, BS
supported by Distributed Energy Resources (DERs) and Grid
Edge Intelligence (GEI) is expected to replace conventional
BS resources such as diesel generators.
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Black start and load-restoration strategies can generally be
classified into two categories: (a) top-down and (b) bottom-
up strategies [1], [2]. The top-down approach relies on the
transmission grid (TG) for restoration and is applicable when
the blackout is localized within the DS. In the event of a large-
scale power outage, typically caused by extreme weather, the
bottom-up strategy helps restore the load even in the absence
of an upstream transmission system. Traditionally, bottom-up
strategies have been supported by BS units such as diesel
generators [3]. Utilities maintain diesel generators as backup
units for emergency situations due to their high operating costs
[4]. However, BESS with grid-forming (GFM) inverters are
now regarded as alternative BS units. The adoption of BESS
is growing due to reduced production costs [5] and, unlike
diesel units, they can be operated during both normal and
emergency periods. Additionally, the increasing prevalence of
DERs, including wind turbines, Photovoltaic (PV) systems,
and small-scale storage at customer premises, has provided
ample non-BS resources that can be leveraged with BESS for
bottom-up black start. These resources offer several advantages
over diesel generators, including high self-starting speed,
lower operating costs, and fast dynamic response [6].

Currently, the DERs-aided black start has emerged as an
effective and economical solution for providing restoration
services following a blackout [7]. In [8], the coordination of
multiple DERs is utilized to pick up the critical load dur-
ing power outages. With advancements in GFM, GFM-based
DERs can independently regulate system frequency and volt-
age, thereby enhancing their black start capability [9], [10]. So
far, DER-aided black start strategies can be broadly classified
into two categories: optimization-based [12]- [14] and machine
learning-based strategies [15], [16]. The former approach
focuses on reformulating the load restoration problem as an
optimization problem to determine the final network topology,
while the latter employs machine learning to train models for
making load restoration decisions.

However, most of the literature in this vein concentrates
on steady-state operation conditions, while less attention has
been paid to dynamic frequency security constraints during the
restoration process. In practice, the frequency of a microgrid
tends to decline as loads are picked up. Therefore, incorporat-
ing frequency security constraints into the restoration process
is essential to ensure stable and reliable BS. In [17], the
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TABLE I
LITERATURE COMPARISON

Reference ggg GFMI Fgggl‘l‘fl‘:;y Dyg‘fg‘“’ MPC
(1] X X X v v
[2][15][16] X v X v X
[3][4]15][8][14] X X X v X
[6][17] X X 4 X X
[7][11] v X X X v
[9][18][19] X v v X X
[10] X v v v X
[21][22] v X X X X
Proposed v v v v v

frequency response of distributed generators is derived and
incorporated into load restoration. Nevertheless, the dynamic
frequency behavior of the distributed generators still requires
detailed simulation for a more accurate analysis. In [18], the
frequency nadir constraint is considered during the restora-
tion of multiple microgrids, enabling the estimation of the
frequency nadir limit without simulating the complex dynamic
model of BS generators. While considering only the frequency
nadir constraint is insufficient, the system frequency must
also satisfy the rate of change of frequency (RoCoF) and
quasi-steady-state (QSS) frequency constraints during load
restoration. In [19], dynamic frequency constraints are taken
into account in the load restoration process, which incorporates
DERs based on GFM and grid-following (GFL) inverters.
Nonetheless, this approach relies on simulations, which can be
computationally intensive for large-scale restoration planning
problems. Hence, there is an urgent need to model dynamic
frequency constraints that are both accurate and practical for
load restoration. Additionally, since the microgrid frequency
tends to deviate when loads are picked up, it is essential to
determine whether the frequency of a formed islanded MG
is synchronized with other islanded MGs and with the TG.
The aforementioned studies overlook synchronization both
among islanded MGs and between islanded MGs and the
TG, which can result in the formation of multiple islanded
MGs. Meanwhile, BESS-based BS units cannot ensure long-
term operation of restored MGs, given their finite energy
capacity. Therefore, synchronization should be integrated into
the blackstart process for stable load restoration.

Moreover, current bottom-up black start strategies primarily
rely on utility-controlled DERs for load restoration. However,
behind-the-meter (BTM) DERs, which are owned by individ-
ual customers, cannot be directly controlled by the utility due
to privacy protection and ownership limitations. As a result, the
potential contribution of the substantial number of BTM DERs
during black start is often neglected. For instance, in [20],
individual residential loads are directly modeled as cold loads,
without accounting for the availability of BTM DERs. With
the advancement of grid-side intelligence, the flexibility of
behind-the-meter DERs can be estimated and incorporated into
load restoration planning, accelerating the restoration process.
Hence, the utilization of behind-the-meter DERSs needs further
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investigation. To distinguish this paper from existing relevant
works, a comparative summary is presented in Table. L.

This paper proposes a model predictive framework for a
bottom-up BS strategy that coordinates with multiple GEI
systems to enhance load restoration. In this approach, each
GEI communicates its multi-period flexibility range to the
utility responsible for black start. In return, the utility provides
a dispatch signal that the GEI devices track. This coordination
mechanism ensures data privacy by eliminating the need for
either the GEI devices or the utility to share proprietary
information about their assets, network configurations, or
control strategies. The utility’s black start function is designed
to restore the DS using multiple GFM BESS, which establish
multiple microgrids. Each microgrid then coordinates with
GEI to create cranking paths that bring GFL resources online.
These resources help sustain the energized sections and pre-
pare the system to restore the remaining unenergized sections.
The paper also models the response of grid-forming inverters
to load pickup, analyzing key frequency characteristics such
as frequency nadir, rate of change of frequency (RoCoF),
and quasi-steady-state (QSS) frequency. Additionally, it incor-
porates the role of synchronizing switches, which enable
the integration of smaller microgrids into larger ones. This
integration enhances the overall power and energy capacity,
facilitating faster load restoration.

In summary, the main contributions of this paper are sum-
marized as follows:

1) A model predictive framework which enables interaction
between the utility and GEI for efficient black start
of DS, by sharing only the coupling variables such as
flexibility range and dispatch signal.

2) Predictive modeling of GEI with the ability to predict
flexibility range and follow utility dispatch signal. With
this approach, the contribution of BTM DERs on the
black start is assessed for various ratio of customers with
GEI and without GEI.

3) Predictive modeling of bottom-up BS strategy with GFM
inverter’s frequency security constraint, energizing and
synchronizing switching constraints that enable forma-
tion and synchronization of multiple dynamic microgrids
to share their energy and power capacity for faster
restoration.

The remainder of the paper is organized as follows.
Section II provides an overview of the proposed framework.
Section III presents the predictive modeling of grid-edge
intelligence. Section IV formulates the bottom-up black-start
methodology. Section V presents simulation results and
discussion. Section VI concludes this paper.

II. OVERVIEW OF THE PROPOSED FRAMEWORK

As shown in Fig. 1, GEI is deployed in residential houses
equipped with BTM DERs, BES, HVAC systems, and other
loads. Each GEI device is capable of estimating its flexi-
bility range and tracking dispatch signals from the utility
to optimize its operation while supporting utility functions
such as black start. The GEI communicates its flexibility
range to the utility, which in turn sends dispatch signals back

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194



195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

ZHENG et al.: GEI-ASSISTED MODEL PREDICTIVE FRAMEWORK FOR BS OF DISTRIBUTION SYSTEMS 3

Nature disaster

Utility
|»| Objective: Maximize the load restoration |
\t :lnput ———————
|

|

|

|

| Dispatch Information Flexibility

| S os | reference interatction boundary

| iy S p———— - o

: , I GEI 1 |

| Load forecast | : Track dispatch q Ebs'tlimate |
? !n‘ | signals exibility range .

: 1 1T '

. [ i

' “ h : o J]

: DER forecast I r h b 5 4 fir)

: ; | |

| A s s - !

! o .

| Past Instants to be Planning
: I
| | D Instants [ Implemented Instants |

Fig. 1. Overview of the proposed framework.

to the GEI devices for tracking. This dynamic interaction
preserves privacy, as both the GEI devices and the utility
exchange only the coupling variables rather than detailed asset
information. Additionally, both the GEI operations and the
black start process are implemented using the principles of
model predictive control (MPC).

The black start strategy follows a bottom-up approach. In
this setup, multiple GFM inverters initiate the black start
from different locations, forming several islanded microgrids
while establishing cranking paths to bring GFL resources
online. Unlike in transmission systems, load pickup is nec-
essary during cranking path formation in distribution systems.
This makes coordination between GEI devices and the utility
essential to ensure dynamic frequency security throughout the
restoration process.

III. PREDICTIVE MODELING OF GRID EDGE
INTELLIGENCE

In this paper, residential loads are assumed to be equipped
with GEI. Each GEI operates based on a predictive model that
communicates its flexibility range to the utility and tracks the
dispatch signal received from the utility.

The prediction horizon is defined relative to the current time
t as {t + kAt : k € N;}, where At denotes the time step and
N = {1,2,...,N}. This notation is consistently used for all
predictive models, including those for GEI and the black start
modeling in Section IV.

A. Residential Load Model With GEI

A residential house with GEI is assumed to be equipped
with an HVAC system, a BES, PV, and other loads. The set N},
denotes the nodes where residential houses have GEI devices.

1) Thermal Modeling of Residential House With HVAC:
The thermal dynamics model of a generic house is illustrated
in Fig. 2. The thermal model consists of five nodes, including
four wall nodes and one room node. Each node is thermally
connected to other nodes through thermal resistances and
grounded through thermal capacitance. In this section, a typi-
cal three-resistance and two-capacitance (3R-2C) model [21]

is employed to model its thermal dynamics. The wall temper-
ature TWall is primarily influenced by the indoor temperature
T;om and the outdoor temperature 7;"'. The temperature pro-
ﬁle of the house & with walls represented byaseti={1,2,3,4}
can be modeled by (1), as in [22]:

wall Twa]] Troom _

Twall

Cwa" Th,t+k hitk=1 L itk hyi ik
- wall
At Rh,i
Tout Twall
hii+k hit+k wall Arad,wall .
Rvall +wii OQnirex Yi€{1,2,3,4} (1)
hii

Here, C}"" denotes the thermal capacitance and R} rep-
resents the corresponding thermal resistance. Q" is the
external radiative heat input to wall i, and wﬁj‘“ is a simplified
weighting factor applied to de wall,

The indoor temperature experienced by occupants is reg-
ulated by the HVAC system. The thermal dynamics of the

indoor zone can be defined by constraints (2).

rad, Wdli

room room 4 wall room
Croom Th,t+k Th k=1 Th it+k Th Jt+k
h - Z wall
At P R b
TOut TrOOm
ht+k ht+k win ~rad,win int HVAC
R Wi Qe T Qi + Qe (2

Here, Qrad Win js the external radiative heat transferring into
the room through the window, and w}" is the corresponding
weighting factor. Qi and QYA€ denote the internal heat gains
and the heat supplied by the HVAC system, respectively.

a) HVAC constraints: The power consumed by the
HVAC system is determined by the temperature difference
between the HVAC setpoint temperature T,'L'WAC and the actual
indoor temperature 7,°°™, and is expressed by constraint (3),
as in [11]. Constrarnt (4) defines the upper and lower bounds

of the HVAC temperature, denoted by T, and THVAC,
respectively.
HVAC
HVAC _ Ty 1tk leot(f}c QHVAC 3)
hit+k COP(273 + T;‘l()t:r_x}c) hit+k

HVAC HVAC _ 7-HVAC
I, <Tyix <T, “4)
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Fig. 2. RC model of of a generic house.

2) BES Constraints: The energy storage of the BES dynam-

ically changes with charging and discharging power, and
it is governed by constraint (5). Constraint (6) defines the
maximum and Fg]inimum energy storage capacities of the BES,
denoted by E,” and EFS, respectively. Constraints (7) and
(8) ensure that the charging power PESC and discharging
power PESD do not exceed the maximum charging capacity
—ES,C . . .. —=ES,D . .
P, and discharging capacity P, ", respectively. Similarly,
the charging and discharging ramp limits are defined by
constraints (9) and (10). Constraint (11) defines that the BES
cannot be charged and discharged simultaneously.

pESD
Eirer = Ejgyypcy + 0t ( h Ptk ggnk) ®)
h

ES <ES, <E, (6)

0< P < B P ™

0<PiD < B Pr ®)

APESC < APPBSC < Apfs < )

APPSP < APE?fk <P, " (10)

Biriek + ik < (1n

Here, nEs € and nES D are BES charging and discharging
efficiencies. A_P];SC / A_P];S’D and E’ZZS’C /E’ES’D are minimum

and maximum charging/discharging rates. ﬂf?fk and ﬁfffk are

binary variables.

3) PV Constraints: The PV is modeled using multi-time-
step forecasted values Ph t+x over the current prediction
horizon. Accordingly, the PV output active power is defined
as:

Py gk = =P,y itk XEY+k (12)

where xi‘t’+k is an adjustable scaling factor constrained by

PV
0.5 < w1

4) Load Constraints: The load is also modeled using pre-
dicted values P along the current prediction horizon and

ht+k
is defined as:
pload load

load __
Pyitk = Phigk Xnitk (13)

where x'h";"ik is an adjustable scaling factor constrained by

load
0.5 <X, <L
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B. GEI Functions

This section primarily focuses on two key functions of GEI:
(a) flexibility range estimation and (b) energy optimization
during both standalone and grid-connected operations. Other
functions, such as forecasting and coordination, are illustrated
in Fig. 3.

1) Flexibility Range Estimation: GEI analyzes the power
consumption of all BTM DERs, loads, and the overall power
consumption of the house. GEI estimates the net power
consumption of a house / as:

PGEI

_ pES.C
hit+k = P

ES.D
ht+k -P

hitk = Phes + Phise + Prdvc - (14)
The flexibility range is defined by the upper bound ﬁifik
and the lower bound P{F},. Along the prediction horizon, it
can be obtained by solving the optimization problems defined

in (15) and (16).

—GEI GEI
Pth = arg max E Ph’H_k

keN;
s.t. (1) ~ (13) (15)
P}, = argmin ) PR,
kENk
s.t. (1) ~(13) (16)

2) Energy Optimization: The GEI optimizes the energy
consumption during standalone operation, whereas it tracks
the dispatch signal (Pg‘; ) When connected with the grid. We
define the grid connection status by a binary variable 8%/, to
express the generic objective of GEI as:

min Y [(1 - B7HPEEL,
keN;
Sl LA
s.t. (1) ~ (13)
Here, when BJF! = 1, the GEl is grid connected and follows the

utility dispatch signal; and when B! = 0, the GEI continues
to operate in a consumption-minimizing mode.

a7

C. GEI-Utility Coordination

The proposed dynamic interaction between the utility and
GEI is illustrated in Fig. 3. This coordination allows the
utility and numerous GEI devices to collaboratively support
the restoration process by exchanging only flexibility ranges
and dispatch signals. As a result, neither the utility nor the
GEI devices are required to share detailed asset information
with one another.

The process begins with the utility gathering fault and
outage data, along with forecasts for DER generation and load
demand. At the same time, each GEI estimates its flexibility
range using forecasted DER output and load consumption.
This flexibility range is then communicated to the utility.
Based on the received flexibility ranges, the utility optimizes
the restoration plan, reconfigures the distribution system, and
issues dispatch signals to the GEI devices.

Each GEI follows the assigned dispatch signal when con-
nected to the utility. If a GEI is not yet connected during
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Fig. 3. GEI and utility functions and their proposed coordination.

restoration, it operates in a standalone mode, minimizing its
energy consumption. Finally, each GEI updates its BTM DER
information in preparation for the next prediction horizon.

IV. PREDICTIVE MODELING BLACK START OF
DISTRIBUTION SYSTEM

This section presents a predictive model for the bottom-up
black start strategy, incorporating frequency security con-
straints, switching constraints, and synchronization switching
constraints. The black start model is then formulated as a
mixed-integer problem to maximize load restoration.

A. Formulation

The objective is to maximize the total load restoration over
the N for each time ¢, which is formulated as:

max 3 3 P
keNj ieN; peN,
s.t. (19) ~ (53)

(18)

Here, N; and N, represent sets of load buses and phases. PP
denotes active power restored.

B. GFM-BESS Constraints

The typical structure of the virtual synchronous generator
(VSG) control is illustrated in Fig. 4. VSG control is a
grid-forming strategy that emulates the dynamic behavior
of a synchronous generator, providing both frequency and
voltage support. As illustrated in Fig. 4, a typical VSG-based
GFMI employs two loops:(i) P—f loop: the frequency error
(f* — f) drives a swing dynamics parameterized by virtual
inertia H and damping D, providing inertial and damping
responses to active-power imbalances; (ii) Q-V loop: voltage

GFM-BESS

Fig. 4. VSG-based control of GFMI.

droop regulates the terminal voltage toward V* by modulating
reactive power (, enabling voltage support. In this work,
all GFM-BESS are equipped with VSG control. The set Ny
denotes the location of nodes with GFM-BESS. To ensure
compatibility with the branch flow model, a new voltage
variable is introduced as v = |V|?, where |V| denotes the voltage
magnitude.

The voltage magnitude deviation Av;,; and frequency
deviation A fQSS of the GFM-BESS at QSS are defined by
constraints (19) and (20), as described in [10]:

vzthrk - (V ) +Av1[+k (19)
5 en;, APES
fl%srsk e peN, Dpt+k (20)

SP(D; + k)

The upper and lower bounds for these deviations are
constrained by (21) and (22), respectively:

- 0.0975(V*)* < Av; i < 0.1025(V*)? (21)
—QsSS
Af9S < AfES < AF; (22)

where V* and f* represent the nominal voltage and frequency
references, respectively. The S™ is the rated capacity of the
inverter. A fQSS and A f 78 denote the minimum and maximum
frequency “deviations at QSS.

In addition, the dynamic energy storage behavior of the
GFM-BESS is modeled by constraint (23). The active power
PFIS, and reactive power QE; of the inverter are limited by the
rated capacity, as shown in constraint (24):

El Gtk T El k-1 + At Z AP:pH—k (23)
peN,
1 2
2 2
s (P + @) < (352) @9

1) Frequency Security Constraints: To model the frequency
response of GFM-BESS during load restoration, constraints
(25) and (26) are employed to calculate the RoCoF and the
frequency nadir deviation Af; "“d at QSS, respectively:

ES
Zpe/\/p APi,p,t-i—k

S = =g, @
Y pen, AP 1k
Afe =1 —Sp;(}), - ]”J; (1+7) (26)

385

386

387

388

389

390

391

392

393

394

395

396

397
398

399

400

401

402

403

404

405

406

407

408

409

410

411
412

413

414

415

416

417

418

419

420

421

422



423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438
439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

MlBESS B3 3?
29

PV 33T 31
27) 26

" 089r
9 94 92 90 X

46 16 1517

Fig. 5. Modified IEEE-123 bus distribution system.

Constraints (27) and (28) define the boundaries for
the RoCoF fE°CF and frequency nadir deviations of the
GFM-BESS, respectively:

g < g < 7T
Af™ < AfIE < AT
RoCoF /7RoCoF nad ; x 7nad
where fl, /fi and A j_”l, /Af;  represent the lower
and upper bounds of RoCoF and frequency nadir deviations,
respectively.

2) Synchronization Constraints: During the synchroniza-
tion period, the frequency among different GFM-BESS can
be aligned by adjusting their reference frequency, represented
by Af*. Constraint (29) allows for frequency penetration
in GFM-BESS units attempting to synchronize with other
GFM-BESS, while constraint (30) defines the acceptable
boundaries for this frequency penetration.

Zpe./\f,, Pisn,t+k
S™(D; + k)

" —syn
AfP < Afi S AS;

27)
(28)

FAf Y bk (29)
beNR

Jirvre =" <1 —

(30)

where 0, is a binary variable and Af" represents frequency
penetration. 6, is set as 1 only during the synchronization
period. A/ and A]_‘?yn are the lower and upper bounds of
frequency penetration, respectively.

C. Switching Constraints

DS generally has multiple bus blocks, as shown in Fig. 5,
interconnected by two types of switches: energizing switches
(ESWs) and synchronizing switches (SSWs). ESWs are used
to energize inactive sections of the distribution system, while
SSWs ensure frequency synchronization when interconnecting
two islanded microgrids. We define all ESWs by the set Wgsw
and all SSWs by the set Wsgw. All switches are modeled by
a negligible-impedance line (i, j) where i, j € N.

1) Energizing Switch: We define the active/inactive status
of the switch by a binary variable y*. The switching conditions
for all ESWs (i, j) € Wgsw can be defined as:

€29
(32)

L B B
Yijtk = Vietk-1 T Vjrth-1

L B B
0 <Ak 2= Vit = Vit

IEEE TRANSACTIONS ON SMART GRID

where Ayl = Y5, = V5,44~ Constraint (31) ensures that
an ESW can only close if at least one of the buses is in an
active state defined by y5. Another constraint (32) prevents the
ESW from closing if both connected buses are in an active
state.

2) Synchronizing Switch: The switching constraint for
ESWs can be defined for all (i, j) € Wgsw as:

Yiiatk < Yirrkor T Yaien (33)
Zijok = OVE i Ofiot +Vierket = Vi) (34)
(I =z M — €< Py < e+ (1 -z, )M (35)
—( -z M —€e< Qi <e+(1—-25, . 0M  (36)
— (L= Y5 )M = €< firri = fiatk

<et (1-yh OM 37)

where M and e are big and small numbers. Constraint (33)
ensures that an SSW can be closed even when the connecting
buses are both active. Constraint (34) defines the instant when
the SSW is closed. Constraints (35) and (36) ensure that the
power flow through the SSW is zero during the instant of
closing the SSW to ensure that the voltage and angle of the
connecting buses are sufficiently close. Constraint (37) ensures
that the frequencies of the two islanded zones are matched
prior to interconnection.

D. Bus Blocks Energizing Constraints

The set of bus blocks is defined by B, and the switches
associated with each bus block b € B are defined by the set
W,. The energizing constraints for each bus block are modeled
as follows.

YO 2 YE e (b € B, j) € W) (38)
Yorsk = Vorpio, Vb € B (39)
Yiisk =Yoo Y{b € B (i, j) € Ly} (40)
Yok =P b eBie N (41)

D Vi D Vi SMyJly +1.¥beB (42)
@i,./)eEWs (0,)EW,

Here, £, and N, are the set of lines and nodes associated
with bus block b. Constraint (38) ensures that a bus block
becomes active only if at least one switch connected to it
has been activated. Constraint (39) guarantees that once a bus
block is energized, it remains energized in all subsequent time
steps. Constraint (40) ensures that the energizing of a bus
block activates all lines within that block. The restriction (41)
ensures that the energizing of a bus block activates all buses
within that block. The restriction (42) restricts the number of
switches that can be activated at any time step for each bus
block, specifically differentiating between active and inactive
bus blocks.

E. Linear Power Flow Model Adaptive to Network Topology

A linearized model for a three-phase unbalanced system, as
proposed in [23], is leveraged to develop a switching-enabled
power flow formulation.
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1) Power Constraints: Constraints (43) and (44) impose
big-M constraints on active and reactive power flows (P;; and
Q;;) of line (i, j), ensuring that the power flow is allowed only
when the line is active, as indicated by the binary variable ylLJ
Constraints (45) and (46) define the nodal power balance.

- MM")’iLj,z+k < Pijigk < MM”yiLjﬂrk 43)

— MN"”)’{}‘,;-s—k < Oijuvk MMpyiLjJ"rk (44)

Pijiyi = Z Pjtitic+ Pjrtk )
leN;

Qijutk = Z Qjti+k + qja+ (46)
leN;

2) Voltage Constraints: Constraint (47) ensures that the
nodal voltage of energized nodes is within the safe range.
Constraints (48) and (49) describe the voltage difference
between two end nodes of each connected line.

0.9025Nry® < vjpir < 1.1025Nny8 (47)
Ny = =
Vierk SV —2 (RijPijiri + XijQija+k)
+ MV =y ) (“48)
Nop = =
Virtk 2 Vit =2 (RijPijiri + XijQija+k)
- MV (1 =yl ) “9)

where P;; and Q;; are the active and reactive power on line
(i, j)- M is a big number for the relaxation of power flow
constraints. V; is the set of downstream nodes connected from
node j. R;; and X;; denote the resistance and reactance matrices
of the line (i, j).

F. GFL Inverter and GEI Constraints

We adopt GFL inverters, such as PVs, from [10], but do not
discuss them explicitly due to space limitations. Each GEI &
provides a flexibility range (Bg?ik,ﬁiik) to the utility, which
introduces a new constraint in the proposed framework. This

constraint is defined for all & € N, as:

pGEI dis —GEl

Priik < Py < Prg (50)

Here, P%S is a dispatch signal communicated to the GEI
device.

G. Modeling Transmission Grid Outage and Recovery

During the BS process, the DS is disconnected from an out-
of-service TG and subsequently reconnected once the TG has
been restored. The constraints related to the TG are modeled
as follows:

(Peon)” + Qo) < (S8™? (51)
1.0 yogix = Verrk = 1.0 yeoy (52)
60yy 7t = foari = 60 vy (53)

Constraint (51) defines the thermal power limit of the
distribution substation. Constraints (52) and (53) define the
voltage and frequency values of the TG, respectively. By
parameterizing ng, the active/inactive status of TG can be
simulated.

TABLE II
THE DERS PARAMETERS

DER Capacity Location | DER Capacity Location
PV1 24.5kW 6 PV2 44 1kW 20
PV3 24.5kW 28 PV4 24.5kW 43
PV5 24.5kW 56 PV6  12.25kW 84
PV7 24.5kW 88 PV8 24.5kW 106
BESS1  24.5kW Sir BESS2  24.5kW 89r

TABLE III
THE SWITCH PARAMETERS

Switch Location Type | Switch Location Type
S1 (13, 18) ESW S2 (18, 135) ESW
S3 (23, 25) ESW S4 (151, 300) ESW
S5 (51r, 51) ESW S6 (60, 62) ESW
S7 (13, 152) SSW S8 (60, 160) ESW
S9 (97, 197) ESW | S10 (97,98 ESW
S10 (76, 77) ESW | SI12 (86, 87) ESW
S13  (89r, 89) ESW | S14  (150r, 150) SSW

V. RESULTS

This section evaluates the performance of the proposed
predictive framework for the GEl-assisted bottom-up black
start strategy in the modified IEEE 123-bus DS. A blackout is
simulated by the outage of the TG, followed by its recovery
after a few hours. During this period, the proposed framework
demonstrates black start and restoration by forming multiple
MGs with the help of GFM and GFL inverters and the
GEI devices. Detailed results are presented for a study with
100% GEI, highlighting the prediction of flexibility ranges,
interaction with the utility, and tracking of the dispatch sig-
nal. Additionally, the sequential formation of cranking paths,
starting from the GFM and continuing until the energization of
all bus blocks across multiple MGs, is shown to comply with
dynamic frequency security limits. A comparative analysis for
various levels of GEI in the IEEE feeder is also presented
to highlight the contribution of GEI in system black start
and restoration. The proposed formulation is of mixed-integer
nature with a linear objective and a few quadratic constraints,
solved using Gurobi 11.0.3.

A. Test System and Framework Parameters

As depicted in Fig. 5, the modified IEEE 123-bus distribu-
tion system consists of 88 load nodes, 8 GFL PVs, and 2 GFM
BESS units. In this system, residential loads are equipped with
GEI devices capable of communicating their flexibility ranges
to the utility and following dispatch signals during a black
start, as introduced in Section III-B. The sizes and locations of
the PVs and BESS are provided in Table II. The entire system
is divided into 11 bus blocks, which are interconnected through
either an ESW or an SSW. The bus blocks are labeled in red
text, and their structure is illustrated in Fig. 5. The locations
of the SSWs and ESWs are listed in Table III.

Each house with GEI is equipped with a 5—7 kW rooftop PV
system and a 3-8 kW HVAC unit. The BESS has a capacity
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Fig. 6. Sequential establishment of cranking paths in BS process.

ranging from 15 to 20 kWh, with an initial SoC randomly
set between 40% and 50%. In addition, the peak load of each
GEI ranges from 13 to 18 kW. These parameters are randomly
selected to model all the houses with GEL

Both the GEI and the utility’s black start functions are
implemented using MPC with a prediction horizon of 3 hours
and a time step of 15 minutes.

B. Black Start With 100% GEI

1) Utility-Level Analysis: The proposed framework is stud-
ied under a blackout scenario caused by TG failure, with the
TG recovering at 11:45. The BS process begins at 9:00 and
continues until the DS is synchronized with the TG at 12:00.
The sequential establishment of cranking paths during the BS
process, obtained from the proposed framework, is shown in
Fig. 6.

Initially, all bus blocks are inactive and disconnected, with
all switches in the open position. The BS starts with the
activation of two GFM-based BESS units at buses 51r and 89r,
forming two islanded MGs. Subsequently, neighboring bus
blocks are energized one after another with support from these
GFM-based BESS units. For example, at 9:15, bus blocks B4
and B11 are energized by closing the ESWs adjacent to the
respective BESS units. Then, at 9:30, bus blocks B2 and B7 are
energized within the first MG, while bus block B9 is energized
within the second MG. Both islanded MGs continue to expand
their boundaries until all bus blocks are energized by 10:00.
At 10:15, the SSW between bus blocks B1 and B6 is closed,
merging the two islanded MGs into a unified microgrid. At
11:45, the TG is restored but remains disconnected from the
islanded DS. Finally, at 12:00, synchronization between the
TG and DS completes the BS process, and the system operates
continuously in this final configuration. The loads served on
various bus blocks after energization are shown in Fig. 7.
For instance, the load on bus block B5 is not served by the
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Fig. 7. Restoration of loads in the proposed method.
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Fig. 8. Frequency responses of GFM-based BESS.

utility until 10:00 and is served afterward. In this case study
with 100% GEI, the load served by the utility is based on
the mutual interaction between the utility’s capacity and the
flexibility range of GEI. This interaction is discussed in a
later part of this section. After TG synchronization, DS is
able to serve more load than during the outage period, as
seen in Fig. 7.

During the entire BS process, the frequency responses
of the GFM-based BESS units remained within the defined
frequency security constraints, as shown in Fig. 8. At 9:00,
when the GFM-based BESS units are started, they operate at
60 Hz since no loads are picked up at that moment. Their
frequencies gradually and independently decline as they begin
picking up loads, continuing until 10:00. At 10:15, the BESS
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Fig. 9. Nodal voltage magnitudes at bus-blocks in the proposed method.
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Fig. 10. Flexibility Ranges and Dispatch Signals of GEI 38 and 99 at 9:45.

units are synchronized, and their frequencies closely follow
each other for the remainder of the process. Notably, their
frequencies return to 60 Hz at 12:00 upon synchronization
with the TG. In the same figure, both RoCoF and f”“d remain
within acceptable limits, indicating a smooth establishment of
cranking paths without violating dynamic frequency security
constraints. In addition, the node voltages on each bus block
are within 0.95 to 1.05 p.u. throughout the BS process, as
shown in Fig. 9. As different bus blocks B1-B11 are picked
up at different time instants, their nodal voltages appear only
after energization, as seen in Fig. 9.

2) Utility and GEI Interaction: There is a continuous inter-
action between the utility and the GEI devices. For brevity,
we will only present the interaction between GEI 38 and
GEI 99 with the utility just before 9:45. A flexibility range
along the prediction horizon from 9:45 to 11:00 communi-
cated by GEI 38 and 99 is shown in two top subplots of
Fig. 10. Utility utilizes these flexibility ranges and provides
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Fig. 11. Coordinated operation of GEI 38,50, 59, and 90 with the utility
during BS and restoration period.

a dispatch signal across the prediction horizon to each GEI,
out of which the dispatch signal for GEI 38 and 99 is shown
in the two bottom subplots of Fig. 10. Since GEI 99 is
not yet connected to the utility at 9:45, the dispatch signal
is zero.

3) GEI-Level Analysis: The GEI is designed for stan-
dalone operation during a utility blackout, operating at a
minimum power level to ensure longevity. Once connected
to the utility, it begins to track the dispatch signal. In
addition, it keeps on communicating the flexibility range
at every time step. In this way, the GEI serves a dual
purpose: (1) supporting the utility in the BS process
through flexible operation, and (2) meeting its own load
requirements.

The high-level operation of four randomly selected GEI
devices—GEI 38, GEI 50, GEI 59, and GEI 99-is shown in
Fig. 11. GEI 38 and GEI 59 operate close to the lower bound
of their flexibility range before connecting to the utility, as
observed prior to 10:00 and 9:45, respectively. In the same
time frame, the dispatch signal is zero. Once connected to
the utility, they closely follow the dispatch signal, represented
by the red line in Fig. 11. It is important to note that the
dispatch signal always remains within the GEI’s flexibility
range due to coordinated operation between the utility and
the GEI. Similarly, GEI 50 and GEI 99 are already connected
to the utility by 9:15 and continue to track the dispatch signal
throughout the BS process.

Then, GEI 38 is selected for further analysis of its perfor-
mance throughout the entire BS process. As shown in Fig. 12,
GEI 38 minimizes its load and HVAC consumption while
maximizing BESS discharge and PV generation until it is
restored at 10:00. Once restored, its power consumption and
generation follow the utility’s dispatch signal. Throughout the
process, the indoor temperature remains within the acceptable
comfort range, demonstrating effective coordination of energy
resources.
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Fig. 14. Comparison in terms of number of houses being restored.

C. Comparison With Different Flexible Load Level

To demonstrate the advantages of GEI during BS and
load restoration, several simulations are conducted with vary-
ing levels of GEI penetration. In this study, residential
houses are progressively equipped with GEI devices, rang-
ing from 15% to 100%, and the proposed framework is
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Fig. 15. Frequency responses of GFMIs in the benchmark method.
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Fig. 16. Comparison of restoration performance with the benchmark method.

evaluated for each case. The final simulation results are
compared in terms of restored load-hours and the num-
ber of restored loads, as shown in Fig. 13 and Fig. 14,
respectively.

With only 15% GEI penetration, the total restored load-
hours amount to 5.36 MWh, whereas at 100% penetration, it
increases to 6.44 MWh. As shown in Fig. 14, the number of
houses restored is consistently higher with 100% GEI at each
time step prior to TG synchronization, which occurs at 12:00.
For other penetration levels, significant number of houses
are restored after TG synchronization. These results clearly
indicate that higher GEI penetration not only accelerates
the restoration process but also enables the system to serve
a significant portion of energy demand during the outage
period.

D. Comparison With Benchmark Method

To further demonstrate the superiority of the proposed
method, we conduct a comparative analysis against the bench-
mark method presented in [10]. In the benchmark approach,
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rule-based synchronization is applied during BS. Before TG
recovery, only the ESWs are optimized, while the SSWs are
executed in a predefined sequence once the TG becomes
available. The frequency response of the GFM-based BESS
under the benchmark method is illustrated in Fig. 15. At
the onset of BS, both GFMIs operate at 60 Hz. Subse-
quently, the two GFMIs operate at distinct frequencies until
synchronization with the TG occurs, one at 12:00 and the
other at 12:15. Moreover, the RoCoF and the frequency
nadir for both GFMIs remain within secure operational
limits.

The load restoration performance for the case where the TG
returns at 11:45 is presented in Fig. 16. It can be observed
that optimizing both ESWs and SSWs not only expedites load
restoration but also increases customer-hours served. Overall,
the proposed method exhibits a noticeable advantage over
the benchmark in restoration performance, particularly for
longer-duration outages.

VI. CONCLUSION

This paper proposes a predictive framework for a bottom-
up black start strategy that leverages dynamic coordination
between GEI and the utility to accelerate load restoration
in the DS. The proposed coordination scheme requires GEI
devices to communicate their flexibility ranges and the utility
to provide dispatch signals, without the need to share detailed
asset information between the two parties. A predictive model
for GEI is developed to accurately quantify multi-period
flexibility ranges and to track the utility’s dispatch signals.
Furthermore, the proposed BS strategy incorporates frequency
security constraints, energization conditions, and synchroniza-
tion requirements, enabling the dynamic formation of multiple
microgrids and their integration to facilitate mutual sharing of
power and energy capacity. The effectiveness of the proposed
method is validated on a modified IEEE 123-bus test system,
configured with two GFMIs and evaluated under varying levels
of GEI penetration. The results demonstrate that the approach
significantly enhances system resilience by enabling rapid load
restoration and maximizing the utilization of behind-the-meter
DERs with GEI.

This work adopts deterministic forecasts for both load and
PV generation. Consequently, uncertainty is not explicitly
modeled, and the potential errors in the estimated flexibility
boundaries under uncertain conditions could not be formally
quantified. In future work, we aim to extend the framework
to stochastic formulation that incorporates robust flexibility
boundaries.
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