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Abstract: Power outages cost billions of dollars every year and jeopardise the lives of hospital patients. Traditionally, power
distribution system takes a long time to recover after a major blackout, due to its top-down operation strategy. New technologies
in modern distribution systems bring opportunities and challenges to distribution system restoration. As fast response energy
resources, plug-in hybrid electric vehicles (PHEVs) can accelerate the load pickup by compensating the imbalance between
available generation and distribution system load. This study provides a bottom-up restoration strategy to use PHEVs for
reliable load pickup and faster restoration process. The optimisation problem of finding load pickup sequence to maximise
restored energy is formulated as a mixed integer linear programming (MILP) problem. Moreover, the coordination between
transmission and distribution restoration is developed to efficiently restore the entire system back to normal operating
conditions. Simulation results on one 100-feeder test system demonstrate the efficiency of MILP-based restoration strategy and
the benefit from PHEVs to restore more energy in given restoration time. The proposed restoration strategy has great potential
to facilitate system operators to achieve efficient system restoration plans. It also provides incentives to deploy a large amount
of PHEVs to improve system resiliency.

1 Introduction
Power outages cost billions of dollars every year and jeopardise the
lives of hospital patients. Following an outage, it is critical to
restore the system back to normal operating conditions efficiently
and quickly. A restoration process begins with starting blackstart
(BS) units, cranking non-blackstart (NBS) units, energising
transmission lines, and restoring the loads [1]. Traditionally, when
a utility company faces a major restoration effort, distribution
operators must wait until the bulk transmission grid is fully or
partially recovered and electricity is available to pass down to the
lower-level system [2]. This top-down restoration strategy prolongs
distribution system recovery time.

After receiving power from bulk transmission grid, utility
operators reconfigure the distribution system and restore load
following step-by-step guidelines. Load restoration, also known as
distribution system restoration, is performed to re-establish the
electric service and minimise the impact of outage by finding the
optimal pickup sequence of loads [3, 4]. The distribution
restoration presents several challenges to system operators, e.g.
operators may face simultaneous restorative actions of many
distribution circuits in a short period of time [5]. The restoration
guidelines prepared offline fall short when system conditions
continuously change during the recovery period.

To better support operators in the restorative decision-making
process, different heuristic optimisation techniques have been
proposed for distribution system restoration strategies, including
genetic algorithm (GA) [6, 7], non-dominated sorting GA-II [8],
evolutionary algorithm [9], particle swarm optimisation [10], ant
colony optimisation [11, 12], tabu search [13], simulated annealing
[14], fuzzy logic [15] etc. In [16], an adapted branch-and-bound
algorithm was used to maximise the restored loads using the
dispersed generation availability. Dynamic programming [17] and
Lagrangian relaxation [18] have been applied in distribution
restoration considering the frequency limits. However, the heuristic
optimisation techniques tend to find locally optimal solution and
cannot guarantee the global optimum of the derived restorative
actions.

As an important feature in the distribution network, plug-in
hybrid electric vehicles (PHEVs) provide a perfect solution for a
bottom-up restoration. PHEVs can be utilised as fast response
energy resources to buffer energy for grid stabilisation, and speed
up distribution system recovery as needed. There are many
researches focusing on the impact of PHEVs in distribution system
[19–24]. The role of PHEVs has been investigated in load
management [19], demand response [20, 21], power quality [22],
and voltage regulation [23]. However, little work has been done on
leveraging PHEVs for system restoration. Using PHEVs for cold
load pick up in the initial stage of a restoration process was
proposed in [25], but the lack of optimisation techniques limits the
optimal use of PHEVs for a better restoration performance.

This work is aimed at using PHEVs to expedite distribution
system restoration. We present a mixed integer linear programming
(MILP)-based restoration strategy incorporating different
penetration levels of PHEVs. Battery state of charge (SoC) limit
and the charging and discharging efficiency are included to
maintain the reliability and lifespan of PHEV batteries. The MILP
formulation provides a globally optimal solution on load
restoration and PHEV charging sequences. Realistic projected
PHEV penetration data are used in case studies. Simulation results
compared with heuristic search method in [18] demonstrate the
efficiency of the proposed MILP-based method. Important factors
that can affect the performance of PHEVs in distribution
restoration are explored, including the reactive power availability
and the interaction with transmission restoration. It is shown that
more reactive power availability is able to draw more benefits from
PHEVs for faster load restoration. Also, the interaction with
transmission restoration can affect early stages of distribution
restoration using PHEVs. The proposed framework can also be
applied for different plug-in electric vehicles, like battery electric
vehicles, or hydrogen fuel cell electric vehicles.

The organisation of this paper is as follows. PHEV aggregation
is discussed in Section 2. The problem formulation of distribution
system restoration is presented in Section 3. The coordination
strategy between distribution system and transmission system
restoration is developed in Section 4. Case studies and simulation
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results are discussed in Section 5. Conclusions are summarised in
Section 6.

2 PHEVs aggregation
According to International Energy Agency, the penetration of
electric vehicles was 0.02% of total vehicle fleet in 2012, and it is
predicted that the penetration level will be 2% by 2020 [26]. The
increasing number of PHEVs also brings the capability of flexible
generation and distributed energy storage to distribution system.
Most PHEVs are parked at home or parking garage at 95% of time
[27]. The parking lot or garage can act as an aggregator to collect
the SoC and other parameters of PHEV batteries, communicate
with upper-level operators, and decide the charging or discharging
mode of each PHEV. Therefore, the aggregated PHEVs can be
regarded as one generation or load in distribution system.

During system restoration, PHEVs can be utilised as either
generation source or load. PHEVs parked in garage or parking lot
can be used to supply the feeder containing critical/prioritised loads
immediately after an outage or blackout. In the case of distributed
generation connected to different feeders, PHEVs can also serve as
BS sources to crank NBS generators.

As shown in Fig. 1, the example system consists of several
feeders with loads and aggregated PHEVs connected to each
feeder. To overcome the deficiency or surplus of generation during
load pickup, the energy available in PHEVs can be used to
compensate the imbalance between generation and load, which
expedites the load pickup process. Initially, PHEVs are assumed to
be partially charged and operated in the discharging mode to serve
the load with highest priority in distribution network. Then,
considering generation availability and different feeder
characteristics, the charging/discharging sequence of battery
storage system in PHEVs can be determined. If the available
generation exceeds the maximum amount of load that can be
restored, PHEVs can be operated in the charging mode. Otherwise,
if there is no enough generation to restore the feeder load, instead
of waiting for extra generation from online units, PHEVs can be
operated in the discharging mode. 

In this paper, the aggregated PHEVs are modelled as one single
battery for the simulation purposes [22]. The total capacity of the
battery in MWh is the sum of the individual battery capacity.
Vehicle usage and driving patterns determine the SoC of the battery
available in PHEV. This work does not consider the impact of
driver behaviour and assumes all the participating PHEV are at
80% charged state in the beginning of the restoration process.
Based on the information from individual PHEVs, the aggregator is
assumed to make the decisions for the whole aggregation of the
PHEV vehicle fleet. To determine the number of PHEVs, the
analysis is given in the following:

i. Determine the number of vehicles: Based on the data from US
Energy Information Administration, the average consumption
of a US residential utility customer was 903 kWh per month
[28]. Then, the daily demand of each household is ∼30 kWh. It
is assumed that each household has two vehicles. Given the
total demand of each test system, the total number of vehicles
can be obtained by

Total # of vehicles = (Total daily demand)/
30 kWh × 2

ii. Determine the number of PHEVs: Using PHEV penetration
level 0.02% in 2012 and 2% in 2020 [28], the total number of
PHEVs is

Total # of PHEVs = Total # of vehicles ×
PHEV penetration %

iii. Determine the capacity of aggregated PHEVs: In each PHEV,
the capacity of battery is 15 kWh [22]. Considering different
driving scenarios, it is assumed that each PHEV has 10 kWh
energy of battery available during system restoration, with full
efficiency and an 80% charged state in the beginning

Capacity of PHEVs = Total # of PHEVs ×
10 kWh

iv. Determine the number of PHEVs in different scenarios: To
compare the contribution in the restoration process, different
numbers of PHEVs are chosen in each system, based on the
estimated number of PHEVs in 2012 and 2020. More details
are shown in simulation results.

3 Problem formulation of distribution restoration
3.1 Objective function

The objective is to maximise the total restored energy during the
restoration period. The total restored energy Eload is defined as the
area under the load pickup curve [17] in the below equation

Eload = ∑
i ∈ ΩL

T − tLstart, i × PL, i (1)

where T is the pre-set maximum restoration time, i.e. the
restoration process needs to be completed by time T. The notation
tLstart,i represents the pickup time of load i, PL,i is the MW of load
i, and ΩL is the set of all loads. Considering the load priority wL,i,
i.e. the most important load needs to be picked up first, the
objective function is transformed to

Max ∑
i ∈ ΩL

wL, i × T − tLstart, i × PL, i (2)

Let uL,it denote the status of load i at time t, with uL,it = 1 for online
load and uL,it = 0 for offline load. The pickup time of each load i
can be represented as follows:

tLstart, i = ∑
t ∈ ΩT

1 − uL, it + 1, ∀i ∈ ΩL (3)

Then, (2) is equivalent to

Max ∑
i ∈ ΩL

wL, i × PL, i × ∑
t ∈ ΩT

uL, it − 1 (4)

3.2 Constraints

Real power balance: Total real power demand should be within the
limit of available real power. The total generation could be from
distributed generators in distribution system, batteries/PHEVs, or
determined by transmission system restoration. Battery can be
operated as either generation or load, depending on the imbalance
between available generation and load. A general form of
generation is used in the following constraint, and more details will
be discussed in Section 4

∑
i ∈ ΩG

PG, it ≥ ∑
j ∈ ΩL

uL, jtPL, j + ∑
k ∈ ΩB

PB, kt, ∀t ∈ ΩT (5)

where PG,it is the MW output of generator i at time t, ΩG the set of
all generator numbers, PB,kt the MW input/output of battery k at
time t, ΩB the set of all PHEV batteries, and ΩT = 1,…,T the set of
time.

Reactive power balance: Total reactive power demand should
be within the limit of available reactive power

Fig. 1  Example system of using PHEVs in power system restoration
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∑
i ∈ ΩG

QG, it ≥ ∑
j ∈ ΩL

uL, jtQL, j, ∀t ∈ ΩT (6)

where QG,it are the MVAR output of generator i at time t, and QL,j
is the MVAR output of load j at time t. In this study, batteries are
not designed to supply the reactive power, and other reactive power
sources in distribution system, such as capacitor banks, static VAR
compensators, distributed generators etc., are assumed to provide
necessary reactive power. This constraint will be perturbed to study
how the reactive power availability affect the performance of
PHEVs in distribution restoration.

Power flow equation: The branch flow model in [29] with the
inclusion of line losses is used to model power flow in three-phase
unbalanced distribution networks. The convex relaxation method in
[30] is applied to convexify these constraints instead of
linearisation. The active and reactive power balance are modelled
in the following

PLine, it = PL, it + ∑
j ∈ Ci

PLine, jt − PG, it + r jilit (7)

QLine, it = QL, it + ∑
j ∈ Ci

QLine, jt − QG, it − QC, it + xjilit (8)

where PLine,it and QLine,it are the active and reactive power flow of
line i at time t, zji = rji + xji is the line impedance, Ci shows the set
of children nodes for node i, and j is the parent node of node i. The
square of voltage and current can be modelled in the below
equations

Uit = U jt − 2 r′ jiPLine, it + x′ jiQLine, it + zji′ lit (9)

U jt × lit ≥ PLine, it × PLine, it + QLine, it × QLine, it (10)

where Uit = Vit
a 2, Vit

b 2, Vit
c 2

 is the square of voltage at each
phase, lit the square of the current in distribution line i, the
element-wise product is denoted by ×, and

r ji′ = Re α × r ji − Im α × xji (11)

xji′ = Re α × xji + Im α × r ji (12)

zji′ = zji × zji (13)

The α matrix is defined by

α =
1 e− j2π /3 ej2π /3

ej2π /3 1 e− j2π /3

e− j2π /3 ej2π /3 1
(14)

SoC of PHEV batteries: In order to operate batteries at high
efficiency and also maintain the cycle life of batteries, battery SoC
should be within certain limits, as given by

SoCmin ≤ SoCi t ≤ SoCmax, ∀i ∈ ΩB (15)

where SoCmin and SoCmax are the lower and upper limits of SoC.
In this paper, SoC of all units is maintained between 20 and 80%
[31]. The relationship between functions of SoC and the battery
output can be achieved as follows [32]:

SoCit =
SoCit − 1 + ηc × PB, it − 1Δt, charging
SoCit − 1 − 1/ηd × PB, it − 1Δt, discharging (16)

where SoCit is the SoC of battery i at time t, and ηc and ηd are the
efficiency of charging and discharging, respectively. The power
loss and the battery temperature limit are simplified as charging/
discharging efficiency. The impact from PHEV owners’ driving

behaviour and vehicle availability are simplified as the initial state
of PHEV batteries.

Feeder load status: During the restoration process, once load i
is picked up, it should remain online at all times to prevent load
shedding. This constraint can be expressed as

uL, it ≥ uL, it − 1, ∀t ∈ ΩT, ∀i ∈ ΩL (17)

The distribution restoration using PHEVs is formulated as an MILP
problem, including objective function in (4), constraints in (5)–(9),
and decision variables of uL,it and SoCit.

4 Coordination between transmission and
distribution restoration
In the bottom-up restoration strategy, the coordination between
transmission and distribution restoration is critical for an efficient
restoration process. First, transmission restoration determines the
generator start-up sequence and transmission line energisation
sequence to provide the generation capability curve, i.e. the
maximum available generation that can be used to pick up load.
Then, load serving entities (LSEs) receive the information of
available generation and real/reactive power limits, and determine
the load pickup sequence. The restored load from each LSE cannot
exceed the assigned load from the upper-level transmission
restoration procedure. This feedback is sent back to transmission
restoration to update the generation output curve, as shown in
Fig. 2. It is shown that considering the coordination with
transmission system renders different PHEV charging/discharging
schedules to restore the distribution system. 

4.1 Transmission restoration model

4.1.1 Objective function: The objective is to maximise the overall
system MW generation capability during a specified restoration
period. The system generation capability EGsys is defined as the
sum of MW generation capabilities over all units in the power
system minus the start-up power requirements, as referred in [2]

EGsys = ∑
i ∈ ΩG

EGcap, i − EGstart, i (18)

where EGcap,i is MW capability of generator i and EGstart,i the start-
up requirement of generator i. The detailed formulation of
objective function can be referred in [2].

4.1.2 Constraints: Power balance: Generation and load should be
equal all the time. This constraint can be formulated as

∑
i ∈ ΩG

PG, it ≥ ∑
j ∈ ΩLSE

PLSE, jt, ∀t ∈ ΩT (19)

∑
i ∈ ΩG

QG, it ≥ ∑
j ∈ ΩLSE

QLSE, jt, ∀t ∈ ΩT (20)

where PLSE,jt and QLSE,jt are the total MW and MVAR of LSE j at
time t, and ΩLSE is the set of all LSEs.

Generator output function: The generation output function is
decided by the starting time, cranking time to ramp up in parallel
with system, ramping rate, and generation capacity. It is assumed
that the generator start-up sequence has been determined using the
method developed by authors in [2].

Fig. 2  Coordination between transmission and distribution restoration
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Generator frequency response rate: Frequency response rates
(FRRs) are defined as the maximum load each generator can pick
up with an acceptable frequency dip due to the sudden change of
load. In this paper, for 0.5 Hz maximum frequency dip, FRRs of
hydro (HY), combustion turbine (CT), and steam turbine units are
12, 5, and 13%, respectively. Then at each time of picking up load,
the total amount of restored load should be smaller or equal to the
summation of maximum allowable load pickup for all generators,
as referred in [32]

∑
j ∈ ΩLSE

PLSE, jt − PLSE, jt − 1 ≤ ∑
i ∈ ΩG

FRRi × PGcap, i , ∀t

∈ ΩT
(21)

where PGcap,i is the generation capacity of generator i.
Generation output limit: At any time, generator's output should

be always within its upper limit PGmax,i (QGmax,i) and lower limit
PGmin,i (QGmin,i) as given by

PGmin, i ≤ PG, it ≤ PGmax, i, ∀t ∈ ΩT (22)

QGmin, i ≤ QG, it ≤ QGmax, i, ∀t ∈ ΩT (23)

Load dispatch limit: For each LSE, the restored load should be
within its load capacity limit PLSEmax,i (QLSEmax,i) as given by

0 ≤ PLSE, it ≤ PLSEmax, i, ∀t ∈ ΩT (24)

0 ≤ QLSE, it ≤ QLSEmax, i, ∀t ∈ ΩT (25)

4.2 Coordination between transmission and distribution
restoration

Real power balance: Each LSE receives PLSE,it from transmission
restoration and determines the pickup time of each feeder load.
Then constraint (5) in distribution restoration is changed to

PLSE, it ≥ ∑
j ∈ ΩL

uL, jtPL, j + ∑
k ∈ ΩB

PB, kt, ∀t ∈ ΩT, ∀i ∈ ΩLSE (26)

PHEVs can contribute into the frequency control, and the load-
frequency control could be modelled following authors’ work in
[33].

Reactive power balance: Total reactive power demand should
be within the limit of QLSE,jt received from transmission
restoration. Then constraint (6) in distribution restoration is
changed to

QLSE, it ≥ ∑
j ∈ ΩL

uL, jtQL, j, ∀t ∈ ΩT, ∀i ∈ ΩLSE (27)

The transmission and distribution restoration problems are
formulated as MILP problems. IBM ILOG CPLEX is used to solve
this MILP problem.

5 Simulation results
The developed restoration strategies are tested in two case studies,
4-feeder and 100-feeder systems. The generation and load profile
in each test system can be referred in [18, 34]. System
configurations use IEEE standard test feeder systems [35] for each
feeder based on the load capacity. Load pickup actions are
performed every 10 min (1 p.u. time). A total blackout is assumed.
Given the total load of each test system, the total number of
vehicles is calculated in Table 1. 

To compare the contribution in the restoration process, different
numbers of PHEVs are chosen in each system. In the base scenario,
there is no PHEV. Three scenarios of the projected PHEV
penetration, 0.02% in 2012, 2% in 2020, and 0.2% in between, are
considered to examine the impact of different PHEV penetration
levels on distribution restoration. These five scenarios are
summarised in Table 2. The restoration time in Figs. 3–13 are
presented in per unit, where 1 p.u. time equals to 10 min. This per
unit time could be adjusted by system operators. 

5.1 Four-feeder case study

A four-feeder test system is used to validate the proposed
restoration strategy and demonstrate the advantage of using
PHEVs. The generation and load profile from [18] is used in this
study. It is assumed that the limit of real and reactive demand from
transmission restoration has been given. The task is to find the

Table 1 Number of total load, houses, vehicle, and PHEVs
System Total load, MW Total house # Total vehicle # PHEV # in 2012 PHEV # in 2020
four-feeder 22.8 18,240 36,480 7.3 730
one-hundred-feeder 679 543,200 1,086,400 217.3 21,728
 

Table 2 Number of PHEVs in different scenarios
System Base scenario 0.02% penetration 0.2% penetration 2% penetration
four-feeder 0 7 73 730
one-hundred-feeder 0 217 2173 21,730

 

Fig. 3  Load restoration curves using two methods
 

Fig. 4  Comparison of load pickup in different scenarios
 

IET Smart Grid, 2019, Vol. 2 Iss. 1, pp. 42-49
This is an open access article published by the IET under the Creative Commons Attribution-NonCommercial-NoDerivs License
(http://creativecommons.org/licenses/by-nc-nd/3.0/)

45



optimal load pickup time to maximise restored energy. Two
scenarios are discussed in the following.

5.1.1 Scenario 1: without PHEV: There is no PHEV in the base
scenario. The comparison of subgradient-based Lagrangian
relaxation (SG-LR) method in [18] and MILP-based restoration
strategy in this paper is shown in Table 3 and Fig. 3. It is shown
that feeder loads are restored at different times. MILP-based
restoration strategy can restore more energy by 3.67% than SG-LR
method in given restoration time. 

5.1.2 Scenarios 2–4: with PHEV: Three more scenarios are
considered to compare the benefit of different numbers of PHEVs
in load restoration, with 7, 73, and 730 PHEVs in each scenario.
The comparison of load pickup time and the total weighted
restored energy is shown in Table 4. A larger increase in restored
energy can be achieved by using more PHEVs. Note that feeder
load 2 and 4 have large load of 7.3 and 6.4 MW, respectively, and
they can be restored much earlier (4 and 1 p.u.) under large

penetration of PHEVs. The restoration time (i.e. the time when the
last load is picked up) also decreases from 8 to 5 p.u. as the PHEV
number increases. The benefit of increased PHEVs can be also
observed in Fig. 4. More loads can be picked up in earlier time
using PHEVs. 

The SoC of PHEV batteries in different scenarios is shown in
Fig. 5. The SoC is always maintained between 20 and 80%. The
charging and discharging sequence is determined by the imbalance

Fig. 5  Comparison of SoC in different scenarios
 

Fig. 6  Load restoration curves
 

Fig. 7  Restored load in different scenarios
 

Fig. 8  Comparison of SoC in different scenarios
 

Fig. 9  Comparison of load pickup in different scenarios
 

Fig. 10  SoC with and without reactive power support
 

Fig. 11  Difference between generation capability and restored load
(generation capability–load)
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between generation and load at each time. In scenario 2 with small
amount of PHEVs, the battery is charged again after discharging in
the beginning for more load pickup at later times. In scenario 3,
more energy from PHEVs helps pick up more loads in earlier time.
In scenario 4, initial energy from PHEVs is sufficient for load
pickup throughout the entire restoration process. Scenario 3, with
lower penetration of PHEVs, requires more re-charging of batteries
than scenario 4.

5.2 One-hundred-feeder case study

5.2.1 Scenario 1: without PHEV: In the base scenario, there is
no PHEV, and generation and load profiles are referred in [18].
There are total 316 MW of generation and 679 MW of load.
Therefore, only part of total 100 loads can be picked up according
to the load priority. The comparison of results using SG-LR
method and MILP-based strategy is shown in Table 5. It is shown
that different loads are restored, and the load pickup sequence is
different. 

The comparison of load restoration curves is shown in Fig. 6.
The MILP-based restoration strategy can restore total energy of
3742.5 MW*p.u., which outperforms the SG-LR method (3626.3 
MW*p.u.) by 3.2%.

5.2.2 Scenarios 2–4: with PHEV: PHEVs are used to expedite
the load restoration process. Three more scenarios are simulated
using different numbers of PHEVs. According to the calculation in
Table 2, scenarios 2–4 consider 217, 2173, and 21,730 PHEVs,
respectively. Three different case studies are shown in the
following to compare the contribution from PHEVs in different
penetration levels. The impact of extra reactive power support is
also studied on PHEV performance. Also, the coordination with
transmission restoration is investigated on the PHEV charging
sequence.

Fig. 12  Comparison of load pickup in different scenarios
 

Fig. 13  Load restoration curves with and without the coordination
between transmission and distribution systems

 

Table 3 Comparison of load pickup time and weighted restored energy
Scenario Feeder load pickup time, p.u. Weighted restored energy, MW*p.u.

L1 L2 L3 L4
using SG-LR method 6 8 1 5 58.3
using MILP method 4 8 1 6 60.44
 

Table 4 Comparison of load pickup time and weighted restored energy
Scenario Feeder load pickup time, p.u. Weighted restored energy, MW*p.u.

L1 L2 L3 L4
1. no PHEV 4 8 1 6 60.44
2. 7 PHEVs 5 2 7 6 75.65
3. 73 PHEVs 7 6 3 1 88.47
4. 730 PHEVs 5 4 2 1 116.25
 

Table 5 Comparison of load restoration time
Load# SG-LR MILP Load# SG-LR MILP Load# SG-LR MILP
9 17 19 28 7 10 65 7 7
10 / 16 29 4 5 66 12 12
15 8 10 30 4 4 67 6 5
16 13 9 31 3 2 89 12 12
17 19 20 32 3 1 90 19 /
18 5 4 33 3 3 91 16 17
19 11 5 34 3 3 92 17 15
20 13 13 52 / 16 93 20 20
21 6 7 55 15 12 94 15 14
22 11 11 56 15 15 95 13 15
23 12 12 60 12 13 96 12 11
24 5 4 61 19 19 97 16 16
25 8 12 62 15 17 98 10 6
26 4 5 63 15 13 99 5 6
27 5 5 64 13 14 100 11 8
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(a) Use PHEVs without extra reactive power support

In the first case study, PHEVs provide the real power
contribution in load restoration. Existing reactive power resources
(e.g. shunt capacitors, distributed generators) are used with no
extra reactive power support added. The weighted restored energy
in four scenarios is shown as the second column in Table 6. The
amount of restored load at different times is depicted in Fig. 7. The
same conclusion as in the four-feeder system can be drawn that
more energy can be restored using a larger number of PHEVs.

The SoC of PHEV batteries in different scenarios is shown in
Fig. 8. In scenario 2, there is a small amount of energy from PHEV
batteries, with very frequent charging and discharging schedule in
order to pick up more loads. While in scenarios 3 and 4, due to a
significant increase in battery energy, PHEVs discharge the
available energy to pick up loads. With limited reactive power
support, constraint (6) in Section 3 can be more frequently binding,
which requires frequent switching of PHEV batteries for
restoration. Even so, PHEVs can still greatly contribute to load
restoration.

(b) Use PHEVs with extra reactive power support

In the second case study, extra reactive power resources (e.g.
capacitors, VAR compensators) are added to distribution system so
that there is abundant reactive power support. In this way,
constraint (6) is never binding to restrict PHEVs. The weighted
restored energy in four scenarios is given in the third column in
Table 6. The restored load at each time step is given in Fig. 9. With
extra reactive power support, PHEVs can contribute even more to
speed up distribution restoration.

The reactive power in this case is no longer the bottleneck that
restricts the entire restoration process, and hence, PHEV can be
fully used without concerns of reactive deficiency. The SoC of
PHEV batteries with and without reactive power support in
scenarios 3 and 4 are shown in Fig. 10. The comparison shows that
PHEVs discharge more quickly with extra reactive power support
to help pick up more loads in the early stage of restoration. It can
be concluded that reactive power limit has decisive impact on the
performance of PHEVs in distribution restoration.

(c) Coordinate with transmission restoration

The coordination between transmission and distribution
restoration is discussed in the third case study. In this study,
transmission restoration first determines the upper limit of
available generation that can be delivered to the distribution
system. Then distribution restoration optimises the picked load
within this limit. If there is available generation from PHEVs, this
information is sent back to update the generation limit. Two BS
units and one NBS units are considered in the transmission system.
The generator characteristics are shown in Table 7 [2]. 

First, without PHEV, the generation capability curve in
transmission system restoration and the load pickup curve in
distribution system restoration can be obtained by using MILP-
based restoration strategy developed in this paper. However, there

is always a difference between the generation capability and the
restored load, as shown in Fig. 11. The reason is that load is always
picked in blocks and there is no buffer that can perfectly match the
restored load with maximum available generation. However,
PHEVs could play an important role to fill in this gap.

Three scenarios with different numbers of PHEVs are studied.
The comparison of the weighted restored energy in four scenarios
is shown as the fourth column in Table 6. The comparison of load
restoration in different scenarios of PHEVs is shown in Fig. 12.
The similar conclusion can be achieved that more PHEVs expedite
system recovery. Moreover, with the coordination of the
transmission system, a large number of PHEVs can be used to pick
up more loads in the beginning of load restoration. It is because
during the early restoration stage, little generation capability is
available and the amount of load is constrained by FRRs.
Therefore, PHEVs are used as the important generation source to
pick up more loads during the early stage of system restoration.

The comparison of load restoration curves with and without the
coordination between transmission and distribution restoration in
scenario 4 is shown in Fig. 13. Without the coordination,
transmission operators determine the generation availability
without the knowledge of PHEV availability in the distribution
system. Then the contribution from PHEV is restricted to reduce
the difference between the given generation capability and restored
load. However, the coordination enables more load pickup which
can even exceed the given generation capability limit from
transmission operators, and hence resulting in faster distribution
restoration. It also helps transmission restoration by releasing FRR
limit, and ultimately expedites the total restoration process in both
transmission and distribution systems.

6 Conclusion
A bottom-up distribution system restoration is critical to quickly
recover system from outages and enhance resiliency. The increased
PHEV penetration provides a promising solution to faster
distribution restoration. This paper proposed an efficient MILP-
based load restoration strategy using PHEVs that can determine
globally optimal sequence for PHEV charging and discharging as
well load pickup. Simulation results demonstrated that PHEVs can
contribute to pick up more loads, and the contribution significantly
increases with the number of PHEVs. Moreover, sufficient reactive
power support in a distribution system can bring more benefit from
PHEVs for a faster load restoration. Also, the coordination between
transmission and distribution restoration impact the optimal use of
PHEVs during the early stage of entire restoration process.

The developed optimal management strategy of PHEVs in
service restoration can facilitate system operators to achieve
efficient system restoration plans. It also provides incentives to
deploy a large amount of PHEVs to improve system reliability and
resiliency. This strategy can be integrated into future distributed
energy managements systems for the self-healing smart distribution
system.

In the future work, the detailed model of battery dynamic
constraints, and PHEV owners’ driving behaviour and vehicle
availability will be considered.

Table 6 Comparison of weighted restored energy (MW*p.u.)
Scenario W/O extra reactive Pwr W/extra reactive Pwr W/coordination with transmission
1. no PHEV 3742.5 3774.9 8756.4
2. 217 PHEVs 3775.6 3800.4 8773.9
3. 2173 PHEVs 3847.5 3884.7 8852.8
4. 21,730 PHEVs 4487.8 4669 9591.9
 

Table 7 Generator characteristics
Unit Type MW Cap., MW FRR, MW/Hz
Chester_4-6 CT 39 24%
Conowingo_1-11 hydro 385 26%
Schuykill_1 steam 135 10%
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