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Overview of Power Systems

Generation:
• Generation or power plants, e.g., coal, 

natural gas, hydro, nuclear, solar, and 
wind.

• Voltage range : 1 kV- 30 kV.

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: 120 V - 35 kV
• Radial network.

• (a) Generation, (b) Transmission, (c) Distribution, and (d) Load
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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 in transmission systems:
• Activate blackstart generators.
• Establish cranking paths to energize non-blackstart 

generators.
• Restore loads.

Blackstart generators:
• Designed to self-start without the need of external power 

sources.
• Such as diesel generators, hydropower plants.

Non-blackstart generators:
• Require power from external sources to start, i.e., cranking 

power.
• Such as coal plants, nuclear plants, and renewable sources 

without storage.
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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.

• 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 
regulating voltage and frequency.

• Essential for blackstart and microgrid 
formation with renewable and storage 
units.

• Typically used in renewable and 
battery setup with microgrid capability.

• Act as current sources which requires 
voltage and frequency references for 
power generation.

• Cannot self-start. 
• Typically used in grid-connected 

renewables such as solar and wind.
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Blackstart and Load Restoration

Step 1
• Turn on blackstart-capable generators.

Step 2

• Energize the cranking paths for starting 
other non-blackstart generators.

Step 3
• Pick up critical loads.

Step 4
• Synchronize islands.

Step 5
• Pick up non-critical loads.

Transmission System Distribution System

Blackstart resources

• Large generators with self-
starting capability, e.g., 
hydro, gas-fired 

generators, etc.
• 10s or 100s of MW in size.

• Diesel generators. 
• Distributed renewables 

with battery energy 

storage systems.
• 100s of kW in size.

Establishing cranking paths

• Cranking paths are 
established while isolating 
loads.

• Meshed in nature.

• Cranking paths are 
established while 
energizing non-switchable 
loads.

• Radial in nature.

Transient stability concerns

• High inertia and high short 
circuit capabilities.

• Low inertia and low short 
circuit capabilities.
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• 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.

○ Grid-forming inverters are the root generators*.

○ 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. 

○ Radiality must be satisfied in every time step. However, existing studies only ensure radiality in the final 

topology.

○ Must have time-varying radiality constraints adaptive to changing numbers of active lines, buses, and root 

generators.

• Frequency stability constraints.

• Uncertainties. 

○ Renewable generations and load demands.

○ Outage duration of the transmission grid.

Challenges of Blackstarting Dist. Sys. with DERs

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

inverters to come online.

• A series of switching actions to establish 

cranking paths is shown in the figure.

Step 1: Turn ON GFMI 1.

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

Step 3: Energize B1 to 
bring PV back online.
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Blackstart with Two Grid-forming Inverters

Step 1: Turn ON GFMI 1 
and GFM2.

Step 2: Close the switches  
to energize bus block B2 
and B3. Switches are closed
 sequentially  to expand the
microgrid boundaries and 
cranking paths bringing the 
GFLIs online.

Step 3: Energize B1
 in the MG1, and 
 B4, and B5 in MG2 
bringing PVs online.

Step 4: Synchronize two microgrids. 

Step 5: Synchronize the  entire distribution 

With  the transmission  grid.
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• The objective is to maximize the restored loads considering priorities.

max
𝒙

෍

𝑡∈𝒯

෍

𝑖∈ℬ𝐶𝐿∪ℬ𝑁𝐿

𝑃𝑖,𝑡 Δ𝑡

• Subject to constraints:

• 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

• Decision variables (𝒙):

• Sequence of energizing cranking paths.

• Sequence of activating grid-following resources.

• Sequence of synchronizing decisions.

• Sequence of load pickup.

Nomenclature:
ℬ𝐶𝐿: set of buses with critical load
ℬ𝑁𝐿: set of buses with non-critical load
𝒯: time horizon of problem
Δ𝑡: time step
𝑃𝑖,𝑡: power demand at time t in ith bus

Distribution System Blackstart Problem Formulation

Cranking paths and load pickup 
optimization depend on the 

number and locations of grid-
forming resources.
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BES-based Grid-Forming Inverter (GFMI)
Nomenclature:
𝑣𝑖,𝑛,𝑡: square of voltage magnitude.
𝑉∗: Nominal voltage
ℛ: Set of buses containing GFMI
Φ: Set of phases
𝑓∗: Nominal frequency
𝐻𝑖: Inertia constant
𝐷𝑖: Damping constant

𝐾𝑖
𝑓

: Frequency droop

𝑆𝑖
𝑟𝑎𝑡: Inverter rating

• Our GFMI model is based on the control structure of a 

virtual synchronous generator.

• To comply with the branch-flow model, we will use the 

square of voltage magnitude as the control variable of GFMI, 

as:

𝑣𝑖,𝑛,𝑡 = 𝑉∗ 2 + Δ𝑣𝑖,𝑡
𝑐𝑐  ∀𝑖 ∈ ℛ, 𝑛 ∈ Φ

0.95𝑉∗ 2 ≤ 𝑣𝑖,𝑛,𝑡 ≤ 1.05𝑉∗ 2

• The quasi-steady state frequency of GFMI is defined as:

𝑓𝑖,𝑡 = 𝑓∗ 1 −
σ𝑛∈Φ 𝑝𝑖,𝑛,𝑡

𝐸𝑆

𝑆𝑖
𝑟𝑎𝑡(𝐷𝑖+𝐾𝑖

𝑓
)

𝑓𝑞𝑠𝑠 ≤  𝑓𝑖,𝑡 ≤ 𝑓𝑞𝑠𝑠
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Dynamic Frequency Response of GFMI

• GFMI is required to comply its dynamic frequency response 

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

❑ RoCoF: 

𝑓𝑖,𝑡
𝑅 =

σ𝑛∈Φ Δ𝑝𝑖,𝑛,𝑡
𝐸𝑆

2𝑆𝑖
𝑟𝑎𝑡𝐻𝑖

❑ Frequency nadir:

𝑓𝑖,𝑡
𝑛𝑎𝑑 = 𝑓𝑖,𝑡 − 𝑓∗

σ𝑛∈Φ Δ𝑝𝑖,𝑛,𝑡
𝐸𝑆

𝑆𝑖
𝑟𝑎𝑡 𝐷𝑖 + 𝐾𝑖

𝑓
(1 + 𝛾𝑖)

• Dynamic frequency constraints:

𝑅𝑜𝐶𝑜𝐹𝑚𝑖𝑛 ≤ 𝑓𝑖,𝑡
𝑅 ≤ 𝑅𝑜𝐶𝑜𝐹𝑚𝑎𝑥

𝑓𝑚𝑖𝑛 ≤  𝑓𝑖,𝑡
𝑛𝑎𝑑 ≤ 𝑓𝑚𝑎𝑥

Nomenclature:

𝑓𝑖,𝑡
𝑅  : Rate of change of frequency (ROCOF).

𝑝𝑖,𝑛,𝑡
𝐸𝑆 : Active power BES-based GFMI

𝛾𝑖 : Constant exponential term
Φ: Set of phases
𝑓∗: Nominal frequency
𝐻𝑖: Inertia constant
𝐷𝑖: Damping constant

𝐾𝑖
𝑓

: Frequency droop

𝑆𝑖
𝑟𝑎𝑡: Inverter rating
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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

• Quasi-steady state frequency

• RoCoF

• Frequency nadir

• The estimation accuracy are above 90%.

• Note that, the dynamic frequency responses are 

   estimated without requiring to run dynamic models.
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Modeling Synchronization of GFMIs

• GFMI needs to adapt its frequency set-points to allow synchronization with 

other GFMIs.

• It is achieved by allowing to change frequency-setpoint of GFMI while 

performing synchronization.

𝑓𝑖,𝑡 = 𝑓∗ 1 −
σ𝑛∈𝛷 𝑝𝑖,𝑛,𝑡

𝐸𝑆

𝑆𝑖
𝑟𝑎𝑡(𝐷𝑖+𝐾𝑖

𝑓
)

+ 𝛿𝑖,𝑡  𝛥𝑓𝑖,𝑡
∗

• δ𝑖,𝑡  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 𝑓∗. 

• We implement a co-operative synchronization approach, allowing all GFMIs to 

decide a suitable synchronizing frequency, as:

𝑓𝑖,𝑡 = 𝑓∗ 1 −
σ𝑛∈Φ 𝑝𝑖,𝑛,𝑡

𝐸𝑆

𝑆𝑖
𝑟𝑎𝑡(𝐷𝑖+𝐾𝑖

𝑓
)

+ ෍

𝑏∈ℛ

δ𝑏,𝑡  Δ𝑓𝑖,𝑡
∗

Nomenclature:
Δ𝑓𝑖,𝑡

∗  : Perturbation in 

nominal frequency set-
point (𝑓∗).  
δ𝑖,𝑡: Binary decision 
variable, which tends to 
be 1 during 
synchronizing period.
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Switching Structure of the Distribution System

Modeling Bus Block Energization

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

• Bus blocks

• Energizing switches

• Synchronizing switches

• A bus block is segregated by multiple switches and will be energized by closing any of them.

𝑦𝑚,𝑡
𝐵𝐵 ≥ 𝑦𝑖𝑗,𝑡

𝑆𝑊  ∀𝑠𝑤𝑖𝑡𝑐ℎ𝑒𝑠 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.

𝑦𝑖𝑗,𝑡
𝐿 = 𝑦𝑚,𝑡

𝐵𝐵  ∀𝑙𝑖𝑛𝑒𝑠 𝑖𝑛 𝑏𝑢𝑠 𝑏𝑙𝑜𝑐𝑘 𝑚 𝑎𝑛𝑑 𝑦𝑖,𝑡
𝐵 = 𝑦𝑚,𝑡

𝐵𝐵  ∀𝑏𝑢𝑠𝑒𝑠 𝑖𝑛 𝑏𝑢𝑠 𝑏𝑙𝑜𝑐𝑘 𝑚

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

𝑦𝑚,𝑡
𝐵𝐵 ≥ 𝑦𝑚,𝑡−1

𝐵𝐵

Nomenclature:
𝑦𝑖

𝐵: status of ith bus

𝑦𝑖𝑗
𝐿 : status of a line (i, j)

𝑦𝑚
𝐵𝐵 : status of bus block 𝑚
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𝑦𝑖𝑗,𝑡
𝑆𝑊 ≤ 𝑦𝑖,𝑡−1

𝐵 + 𝑦𝑗,𝑡−1
𝐵

Δ𝑦𝑖𝑗,𝑡
𝑆𝑊 = 𝑦𝑖𝑗,𝑡

𝑆𝑊  − 𝑦𝑖𝑗,𝑡−1
𝑆𝑊

Δ𝑦𝑖𝑗,𝑡
𝑆𝑊 ≤ 2 − 𝑦𝑖,𝑡−1

𝐵 − 𝑦𝑗,𝑡−1
𝐵

Δ𝑦𝑖𝑗,𝑡
𝑆𝑊 ≥ 0

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.

• All five states of the switch can be defined as:

• When a switch (𝑖, 𝑗) is closed, 𝑓𝑖 = 𝑓𝑗, whereas when switch is open 𝑓𝑖 ≠ 𝑓𝑗

− 1 − 𝑦𝑖𝑗,𝑡
𝑆𝑊 𝑀 ≤ 𝑓𝑖,𝑡

 − 𝑓𝑗,𝑡 ≤ 1 − 𝑦𝑖𝑗,𝑡
𝑆𝑊 𝑀

Nomenclature: 
𝑦𝑖,𝑡

𝐵 : status of ith bus     

𝑦𝑖𝑗,𝑡
𝑆𝑊: status of a switch (i, j)     

Δ𝑦𝑖𝑗,𝑡
𝑆𝑊: change of switch status   

𝑓𝑖,𝑡
 : frequency at bus i
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Modeling a Synchronizing Switch (SSW) 

Nomenclature: 
𝑦𝑖,𝑡

𝐵 : status of ith bus     

𝑦𝑖𝑗,𝑡
𝑆𝑊: status of a switch (i, j)     

Δ𝑦𝑖𝑗,𝑡
𝑆𝑊: change of switch status   

𝑓𝑖,𝑡
 : frequency at bus i

• 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.

• All five states of the switch can be defined as:

• When a switch (𝑖, 𝑗) is closed, 𝑓𝑖 = 𝑓𝑗 , whereas when switch is open 𝑓𝑖 ≠ 𝑓𝑗

− 1 − 𝑦𝑖𝑗,𝑡
𝑆𝑊 𝑀 ≤ 𝑓𝑖,𝑡

 − 𝑓𝑗,𝑡 ≤ 1 − 𝑦𝑖𝑗,𝑡
𝑆𝑊 𝑀

𝑦𝑖𝑗,𝑡
𝑆𝑊 ≤ 𝑦𝑖,𝑡−1

𝐵 + 𝑦𝑗,𝑡−1
𝐵

Δ𝑦𝑖𝑗,𝑡
𝑆𝑊 = 𝑦𝑖𝑗,𝑡

𝑆𝑊  − 𝑦𝑖𝑗,𝑡−1
𝑆𝑊

Δ𝑦𝑖𝑗,𝑡
𝑆𝑊 ≥ 0
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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). 

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

𝑧𝑖𝑗,𝑡 = Δ𝑦𝑖𝑗,𝑡 
𝑆𝑊 (𝑦𝑖,𝑡−1 

𝐵 + 𝑦𝑗,𝑡−1 
𝐵 - 𝑦𝑖𝑗,𝑡 

𝑆𝑊 )  → 1 

• The above three states of power flow across SSW is defined with respect to 𝑧𝑖𝑗,𝑡.

−(1 − 𝑧𝑖𝑗,𝑡)M − 𝜖 ≤ 𝑃𝑖𝑗,𝑡
 ≤ 𝜖 + (1 − 𝑧𝑖𝑗,𝑡)M

−(1 − 𝑧𝑖𝑗,𝑡)M − 𝜖 ≤ 𝑄𝑖𝑗,𝑡
 ≤ 𝜖 + (1 − 𝑧𝑖𝑗,𝑡)M

𝑃𝑖𝑗,𝑡−1
 = 0 

𝑄𝑖𝑗,𝑡−1
 = 0

−𝜖 ≤ 𝑃𝑖𝑗,𝑡
 ≤ 𝜖 

 −𝜖 ≤ 𝑄𝑖𝑗,𝑡
 ≤ 𝜖

−𝑀 ≤ 𝑃𝑖𝑗,𝑡+1
 ≤ 𝑀 

−𝑀 ≤ 𝑄𝑖𝑗,𝑡+1
 ≤ 𝑀

Nomenclature: 
𝑃𝑖𝑗,𝑡

 : Active power across (i, j) 

𝑄𝑖𝑗,𝑡
 : Reactive power across (i, j) 

𝑧𝑖𝑗,𝑡
 : binary variable defining 

synchronizing instant.
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Dynamic Radiality Constraints
• Generally, radiality constraint states: σ 𝑙𝑖𝑛𝑒𝑠 = σ 𝑏𝑢𝑠𝑒𝑠 − σ 𝑟𝑜𝑜𝑡 𝑏𝑢𝑠𝑒𝑠

• In black start problem, the number of active lines, buses, and root buses are 

dynamic.

෍

(𝑖,𝑗)∈ℒ

𝑦𝑖𝑗,𝑡
𝐿 = ෍

𝑏∈ℬ

𝑦𝑏,𝑡
𝐵 + ෍

𝑏∈ℬ𝑠𝑠

𝑦𝑏,𝑡
𝑆𝑆 − 𝑅𝑡

𝑤ℎ𝑒𝑟𝑒,

𝑅𝑡 = ෍

𝑏∈ℛ

𝑦b,𝑡
𝐸𝑆 + ෍

𝑏∈ℬ𝑠𝑠

𝑦𝑏,𝑡
𝑆𝑆

𝑦b,𝑡
𝐸𝑆 ≤ 𝑦b,𝑡−1

𝐸𝑆 ∀𝑏 ∈ ℛ

• Considering 𝑅𝑡 as an optimization variable allows synchronization of islands.

• GFMI are assigned to be root generator (𝑦b,𝑡=0
𝐸𝑆  = 1) when the black start is 

initiated.

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

binary variable (𝛿𝑏,𝑡) is activated, as:

𝑦b,𝜏
𝐸𝑆 = 1 − ෍

𝑡∈ 𝑡0,𝜏

𝛿𝑏,𝑡  ∀𝑏 ∈ ℛ

Nomenclature:
𝑦𝑖𝑗

𝐿 : status of line (i, j)

ℒ: set of lines
𝑦𝑖

𝐵: status of ith bus

ℬ: set of buses

𝑦𝑏,𝑡
𝑆𝑆: status of substation bus

ℬ𝑠𝑠: set of substation buses

𝑅𝑡: number of root buses, i.e., grid-

forming inverters

𝑦𝑖,𝑡
𝐸𝑆: status of GFMI as a root generator

ℛ: set of buses with GFMI.
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Case Studies with IEEE 123-Bus  System

Graph representation of IEEE 123 system

• Peak demand = 3.49 MW;  60% of loads are non-
switchable; 11 bus blocks and 11 switchable lines.

• Black start resources: Two BES inverters

• Non-black start resources: 965 kW of distributed PVs

System Information:
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Simulation Results with TG recovering at 12:00

TG recovers at 12:00 which is 180 min after blackstart
• Blackstart initiated at 8:45.

• Cranking paths from two grid-forming inverters extend at each 

time step.

• Note that there are two islands until 9:45.

• 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

Time evolution of cranking paths
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Results: Node Voltages on Bus Blocks

• When black start is initiated at 8:45, 
only root bus 51r and 89r is active.

• Bus blocks B4 and B11 are 
energized at 9:00.

• B2, B7, and B9 are energized at 
9:15.

• The last bus block B8 is energized at 
12:30.

• Node voltages at the active bus 
blocks are all within 0.95 to 1.05 pu.
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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)
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Overall Performance

Overall restoration performance

Start time

Total load restored while 
forming cranking paths

Non-switchable loads
 being restored

Transmission grid
 recovered

Total load
 restored at the end.

Cold load pick up effect

Aggregate generation of
online PVs
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Field Demonstration Plan

• The field demonstration will be 
conducted in one distribution feeder 
of a Midwest utility company.

• Number of buses >500

• Number of loads >300

• Number of switches > 10

• Total installed solar PVs > 600 kW

• Peak demand > 500 kW

• Battery storage = 1.25MVA/1.5 
MWh

NREL-led DOE SETO Project “Solar-Assisted, Stakeholder-Engaged, Autonomous Restoration with Data Orchestration (Solar-HERO)”
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Building Iowa’s First Renewable Community Microgrid
Goals

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

2. Demonstrate renewable MG as a technically and financially 
feasible solution.

Team members

• Zhaoyu Wang (Lead PI), Iowa State

• Anne Kimber (Co-PI), Iowa State  

• Kevin Kudart (Co-PI), 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. 

Budget: 

• Federal funding: $ 9,484,385 

• Cost share: $2,376,570     

Duration: 48 months
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Building Iowa’s First Renewable Community Microgrid

Status quo After project completion
Generation No Solar, No BESS 2.5 MW Solar, 1.5 MWh BESS

Carbon 

Emission

Normal operation: 10,521 

metric tons/year, Islanded 

operation: 51.5 metric 

tons/day

Normal operation: 8,818.5 metric 

tons/year, 

Islanded operation: 29.6 metric 

tons/day

Substation

Vintage substation 

switchgear built in 1960s, old 

oil switch breakers, 

mechanical relays are 

obsolete

New metal clad switchgears with 

15kV circuit breakers & digital 

relays. Islanding and auto 

synchronization functionality as a 

MG 

Load
AMR system, no load control 

capability
AMI system with load control

Control
No SCADA, manual 

control/check
SCADA + MG Controller

EV No charging station Two level-3 chargers

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.
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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.
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Thank You!
Q&A

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

mailto:wzy@iastate.edu
https://wzy.ece.iastate.edu/
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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.
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Cranking Paths with Benchmark Model

• Cranking paths with benchmark 
model slightly different than the 
proposed model.

• The difference is due to delayed 
synchronization. 

• This also led to delayed 
energization of bus block B8. 

TG synchronization
MG synchronization
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System Frequency Results with Benchmark Model

• GFMI1 is synchronized with TG 
at 12:15.

• GFMI2 is synchronized with TG 
at 12:30.

• RoCoF and frequency nadir are 
under secure limits.
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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. 
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Restoration metrics: Proposed vs Benchmark (4-GFMIs case)

Case studies → 2-GFMIs 4-GFMIs

Location: capacity 
(MVA/MWh)

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

Note: For a fair comparison, the power and energy capacity 
for both case studies are equal.

• 11.46% improvement in customer hours restored and 
45-minute improvement in restoration time.
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