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A B S T R A C T

The resilience of power systems is critical in mitigating faults caused by the impending effects of climate
change. Typical operational methods, such as network reconfiguration, may be insufficient to mitigate faults
in the event of a contingency. On the other hand, reducing system demand may help increase the number
of restored loads. As a result, this paper proposes a novel self-healing optimization approach based on a
power grid concept known as conservative voltage reduction (CVR), which results in system demand reduction.
The proposed optimization model is formulated as a mixed integer non-linear (MINLP) problem to fulfill an
objective of minimizing unserved loads within the system. Voltage, thermal capacity, system radiality, and
several more constraints have been taken into consideration while formulating the proposed model to handle
both grid-connected and isolated modes of operation. Both dispatchable and non-dispatchable distributed
generators (DGs) are taken into consideration. Dispatchable DGs are assumed to be capable of switching back
and forth between constant power (PQ) and droop controls for the purpose of grid following and grid forming
in grid-connected and isolated modes of operation, respectively. The proposed optimization approach is coded
and solved using the General Algebraic Modeling System (GAMS) software. The IEEE 69-bus power distribution
test system is utilized to test the validity and superiority of the proposed model. The results show that the
proposed model effectively increases the system resilience by reducing the unserved power/energy within the
system following a contingency.
1. Introduction

The frequent occurrence of unusual severe weather conditions
caused by the climate change have had significant impacts on the oper-
ation of power systems, resulting in repetitive system faults, blackouts,
and other devastating impacts on communities [1]. As such, improving
the power system resiliency during such extreme weather events have
become utilities’ top priority causing them to place strategies/schemes
accordingly [2,3]. Enhancement of the system resilience is typically
addressed through operational and hardening restoration procedures.
Hardening procedures involve improving the system’s physical aspects
while operational measures deal with controlling the system in a way
to make it less susceptible to faults [4]. The deployment of innovative
self-healing solutions are expected to offer power utilities the tools
needed to significantly enhance the grid resiliency under these extreme
events. Fault detection, isolation, and service restoration (FDIR) are the
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essential elements of any self-healing solution [5]. In this regard, once
self-healing is deployed, power utilities would be able to automatically
locate and isolate permanent faults in the grid. However, in many cases,
some loads are left behind and disconnected due to the fault clearance.
Furthermore, a load shedding mechanism is typically activated when
there is no adequate supply from the main grid and/or the local
distributed generation (DG) [6]. The final step of a successful self-
healing mechanism attempts to restore the service to the impacted
loads, typically by reconfiguration, which is achieved by finding the
optimal topology that maximizes the restored loads while respecting
the imposed system limits [7].

Network reconfiguration is a process commonly associated with
load restoration following a fault, where it has significantly contributed
to the improvement of power system resilience by rerouting faulty
regions to other supply sources using sectionalizing switches within a
vailable online 28 September 2023
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Nomenclature

Indices

𝑖 Sending node index.
𝑗 Receiving node index.
𝑠 Probabilistic states index.
𝑢 Distributed generator index.
𝑤 Wind turbine index.

Variables

𝑄𝑠
𝑙𝑜𝑎𝑑,𝑖 Reactive power consumed at each node 𝑖

for each state 𝑠.
𝜔𝑠,𝑙𝑏 Lower bound of the system frequency at

each state 𝑠.
𝜔𝑠,𝑛𝑜𝑚
𝐷𝐺,𝑖 Nominal angular frequency of the DG

connected to node 𝑖 at each state 𝑠.
𝜔𝑠,𝑢𝑏 Upper bound of the system frequency at

each state 𝑠.
𝜔𝑠 Global system frequency at each state 𝑠.
𝑚𝑠
𝑝,𝐷𝐺 Active droop gain of node connected to a

𝐷𝐺 for each state 𝑠.
𝑛𝑠𝑞,𝐷𝐺 Reactive droop gain of node connected to a

𝐷𝐺 for each state 𝑠.
𝑃 𝑠,𝑢
𝐷𝐺,𝑖 Active power generated by dispatchable

distributed generation 𝑢 at each node 𝑖 for
each state 𝑠.

𝑃 𝑠
𝑔𝑟𝑖𝑑,𝑖 Active power generated by grid at each

node 𝑖 for each state 𝑠.
𝑃 𝑠
𝑙𝑜𝑎𝑑,𝑖 Active power consumed at each node 𝑖 for

each state 𝑠.
𝑃 𝑠
𝑈𝑆,𝑖 Unserved active power for every node 𝑖 in

each state 𝑠.
𝑄𝑠,𝑢

𝐷𝐺,𝑖 Reactive power generated by dispatchable
distributed generation 𝑢 at each node 𝑖 for
each state 𝑠.

𝑄𝑠
𝑔𝑟𝑖𝑑,𝑖 Reactive power generated by grid at each

node 𝑖 for each state 𝑠.
𝑄𝑠

𝑈𝑆,𝑖 Unserved reactive power for every node 𝑖
in each state 𝑠.

𝑣𝑠𝑜 Base voltage at each state 𝑠.
𝑣𝑠,𝑛𝑜𝑚𝐷𝐺,𝑖 Nominal voltage of the DG connected to

node 𝑖 at each state 𝑠.
𝑣𝑂𝐿𝑇𝐶 On load tap changer voltage setpoint.
𝑥𝑠𝑖 Control variable determining the portion of

unserved power for every node 𝑖, in each
state 𝑠.

feeder or tie switches between feeders [8,9]. Numerous techniques are
proposed in the literature to find the optimal reconfiguration of a power
distribution system for the purpose of load restoration while satisfying
a variety of objectives. The work in [7] proposes service restoration
methods with partial objectives of reducing losses. Minimizing the
cost of losses is one of the five-part objective presented in [7]. The
authors of [10] suggest a multi-objective multi-constraint strategy for
service restoration. While restoring the service, the authors of [10,11]
considered customer priorities as well as manual and remotely operated
switches. The multi-objective strategy in [10] considers minimizing
losses as one of its objectives although including loss minimization
within the objective could conflict with the load restoration opera-
tion [11]. In efforts to reconnect as many loads as possible after a
2

fault, fuzzy multiagent systems approach was utilized in [12]. This ap-
proach was based on a hybrid centralized-decentralized control system
developed to increase the system’s flexibility and resilience. However,
the technique in [12] relies heavily on communication infrastructure,
which must be optimized. The work in [13] uses a rolling-horizon
optimization strategy to schedule DGs in normal and self-healing op-
erations. Normal operations seek to maximize revenue while mini-
mizing costs. In contrast, self-healing operations divide the system
into networked self-supplied microgrids to provide service continuity
to as many loads as possible. The authors in [13] also considered
non-dispatchable DGs as a two-stage stochastic optimization problem.
Disturbance-dependent islanding schemes are used in [13–16] to divide
the system into smaller islands in response to a fault in the system,
where the islands proposed in [14] are not necessarily self-sufficient as
they are formed based on an automated response to a fault and, thus,
significant load shedding is expected. In [15], a two-stage dynamic
microgrid operation scheme is proposed. The proposed scheme starts
off by disconnecting the system from the main grid then splitting it into
several microgrids following a blackout. In order to initiate the black
start, the created microgrids are then reconfigured and sequentially
reconnected together to eventually represent the distribution system
again and connect it back to the main grid. However, the work in [15]
does not examine the system’s sequence of black-start restoration pro-
cedure while [16] has proposed a black-start restoration model that
considers the sequence of restoration. The black-start model has been
formulated as a mixed-integer second-order cone program. Here it is
noteworthy that blackouts are not expected to occur on a regular basis
because of climate change [17,18] as they are a result of highly severe
weather conditions or faults. On the other hand, brownouts occur more
commonly as they require a much smaller disturbance to initiate. A
distribution system’s radial configuration provides the system with a
simple design, however, a failure of any of the system’s parts could re-
sult in an outage for all downstream loads [5]. Distribution systems are
typically equipped with tie-lines, thus having the option to reconfigure
to achieve different objectives such as loss reduction, improve voltage
profile and most importantly restore shed loads under contingency
situations. Nonetheless, the system imposes restrictions such as voltage
and line rating limitations that could hinder reconfiguration’s ability to
restore lost loads. The ability of a resilient system to recover lost load
is one of its most essential characteristics [8]. In this regard, reducing
the served customers’ power demand may help increase the number of
restored loads. Without the need of direct communication and control
of the customers’ load, power utilities should be able to reduce the
power demanded by the served customers using the concept of conser-
vative voltage reduction (CVR). CVR techniques aim to minimize the
voltage on the system buses without violating the lower limit, which
in turn reflects in reducing the power consumed on those buses, given
that they are voltage dependent loads. Upon implementing CVR to the
system, more power is freed up as the served loads start consuming
less power. Potentially, implying a proportional increase in reconfigu-
ration’s range of operation and restoring more loads proportional to
the power freed up by implementing CVR. Consequently, this paper
proposes to combine the concept of CVR alongside the load restoration
process to produce a novel and more efficient self-healing scheme. The
previously mentioned literature has not explored voltage control for
the purpose of load restoration, which is a method of implementing
CVR, within their networked microgrids. CVR is a popular method for
lowering the power demand in distribution networks by reducing the
voltage across the network [19]. It is typically used in situations such
as unintentional islanding, a sudden increase in demand, or a sudden
decrease in system generation. These events typically result in load
shedding, but with CVR, load shedding can be reduced. The method
is also versatile enough to be used for demand side management and
in coordinating microgrid DG’s voltage and reactive power (volt/var)
control. The authors in [20] have established a mixed-integer nonlinear

programming (MINLP) problem to reduce the power demand across
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the network using volt/var control. The objectives of the proposed
volt/var control in [20] is energy saving and minimizing losses within
the system, however, the impacts of such control on the load restoration
process is not taken into consideration.

It is generally noted from the literature survey that considerable
efforts have been done with respect to optimizing the load restoration
process using different techniques; however, none of the work pre-
sented has considered the benefits that volt/var control mechanisms,
such as CVR, could bring when applied in conjunction with the restora-
tion process. The efforts done in enhancing the self-healing scheme
included solely reconfiguration and islanding-based techniques [7,10–
14].

Based on the above discussion, this paper aims to integrate the
concept of CVR within the service restoration optimization process for
power distribution systems to maximize the number of restored loads.
Both dispatchable and non-dispatchable DGs are incorporated into the
model. Dispatchable DGs are assumed to be capable of switching
back and forth between constant active and reactive (PQ) and droop
controls for the purpose of grid following and grid forming in grid-
connected and isolated modes of operation, respectively. The proposed
integrated optimization model is formulated as a mixed integer non-
linear (MINLP) problem with consideration of both grid-connected and
isolated modes of operation. This paper’s main contributions are the
following:

1. Formulating a new optimization model to enhance the system
resilience against climactic faults by integrating the CVR concept
in the service restoration process.

2. Proving the framework’s universal implementation by consid-
eration of different system modes: Grid-connected & Isolated
system, with the addition of dispatchable and non-dispatchable
DGs.

3. Exploring a probabilistic approach in modeling the uncertainty
of the system load and variable DGs, and creating annual as-
sessment of the proposed approach over all of the probabilistic
system states.

The rest of the paper is organized as follows: Section 2 presents
he model formulation of the proposed optimization approach. The
pproach is tested and analyzed using four case studies in Section 3
nd lastly Section 4 concludes the work and summarizes its main
ontributions.

. Proposed optimization model

This section presents the MINLP formulation of the proposed ap-
roach. The formulation’s objective is to minimize the total unserved
ower/shed load, 𝑃 𝑠

𝑈𝑆,𝑖, in the system as expressed in Eq. (1). The for-
ulated model is generalized to fit both deterministic and probabilistic

nalysis. The deterministic analysis assumes one state, 𝑚 = 1, in which
ll the different aspects of the system are operating at rated power
hile during probabilistic analysis several states are introduced. For
very node 𝑖 at each state 𝑠, Eq. (2) defines the unserved power to
e a product of the rated load power, 𝑃 𝑠

𝑙𝑜𝑎𝑑,𝑖, multiplied by the control
ariable, 𝑥𝑠𝑖 , and the load model function, 𝑓 𝑠,𝑝(𝑣𝑖). The control variable,

𝑥𝑠𝑖 , is defined in Eq. (3) to be within 0 and 1, where 0 indicates that
the load at point 𝑖 is fully restored and 1 means it is fully unserved.

Exponential and polynomial load models are used interchangeably
to model the system load defining the active and reactive load model
function in Eqs. (4) & (5). This allows the load to change according to
the exponents, 𝛼&𝛽, chosen for exponential load modeling while the
polynomial load model depends on it is coefficients: 𝑍𝑝, 𝑍𝑞 , 𝐼𝑝, 𝐼𝑞 ,
𝑝 & 𝑃𝑞 . Lastly, The loads are assumed to be restored in proportion
o the load’s power factor as reflected in Eq. (6), representing reactive
ower unserved, 𝑄𝑠 for every node 𝑖 at each state 𝑠. Therefore, the
3

𝑈𝑆,𝑖
estored active and reactive power of a load will always maintain the
oad’s power factor.

in
𝑚
∑

𝑠=1

𝑛
∑

𝑖=1
𝑃 𝑠
𝑈𝑆,𝑖 (1)

here,
𝑠
𝑈𝑆,𝑖 = 𝑥𝑠𝑖 × 𝑃 𝑠

𝑙𝑜𝑎𝑑,𝑖(𝑓
𝑠,𝑝(𝑣𝑖)) (2)

≤ 𝑥𝑠𝑖 ≤ 1 (3)

𝑠,𝑝(𝑣𝑠𝑖 ) =

⎧

⎪

⎨

⎪

⎩

(
𝑣𝑠𝑖
𝑣𝑠𝑜
)𝛼

(𝑍𝑝(
𝑣𝑠𝑖
𝑣𝑠𝑜
)2 + 𝐼𝑝(

𝑣𝑠𝑖
𝑣𝑠𝑜
) + 𝑃𝑝)

(4)

𝑓 𝑠,𝑞(𝑣𝑠𝑖 ) =

⎧

⎪

⎨

⎪

⎩

(
𝑣𝑠𝑖
𝑣𝑠𝑜
)𝛽

(𝑍𝑞(
𝑣𝑠𝑖
𝑣𝑠𝑜
)2 + 𝐼𝑞(

𝑣𝑠𝑖
𝑣𝑠𝑜
) + 𝑃𝑞)

(5)

𝑄𝑠
𝑈𝑆,𝑖 = 𝑃 𝑠

𝑈𝑆,𝑖(
𝑄𝑠

𝑙𝑜𝑎𝑑,𝑖(𝑓
𝑠,𝑞(𝑣𝑖))

𝑃 𝑠
𝑙𝑜𝑎𝑑,𝑖(𝑓

𝑠,𝑝(𝑣𝑖))
) (6)

here 𝑛 is the total number of buses in the system.
The objective stated in Eq. (1) is subject to the constraints described

n the next subsections.

.1. Power balance constraints

For every node 𝑖 at each state 𝑠, the active and reactive power
balance equations, (on the right-hand side) of Eqs. (7)–(8), are defined
as nonlinear equality constraints, where the injected power to the node
must equal the difference between the generation and load (on the
left-hand side) of Eqs. (7)–(8). 𝐷 is a binary variable that is defined
according to the system mode of operation, i.e. grid-connected or
isolated. The variable 𝐷 is assigned as 1 during grid-connected mode
and 0 for isolated mode. For every node 𝑖 at each state 𝑠, the generation
and load mismatch at that node defines the value of the unserved power
of the node as shown in Eqs. (7)–(8) and can be summarized in the
variables 𝑃𝐹 𝑠

𝑖𝑗 & 𝑄𝐹 𝑠
𝑖𝑗 .

𝐷 × 𝑃 𝑠
𝑔𝑟𝑖𝑑,𝑖 +

𝑘
∑

𝑢=1
𝑃 𝑠,𝑢
𝐷𝐺,𝑖 − 𝑃 𝑠

𝑙𝑜𝑎𝑑,𝑖 + 𝑃 𝑠
𝑈𝑆,𝑖 =

𝑛
∑

𝑗=1
𝑣𝑠𝑖 × 𝑣𝑠𝑗

×𝑌 𝑠
𝑖,𝑗 × cos (𝜃𝑠𝑖,𝑗 + 𝛿𝑠𝑗 − 𝛿𝑠𝑖 ) = 𝑃𝐹 𝑠

𝑖𝑗 ∀𝑖, 𝑗, 𝑠 (7)

×𝑄𝑠
𝑔𝑟𝑖𝑑,𝑖 +

𝑘
∑

𝑢=1
𝑄𝑠,𝑢

𝐷𝐺,𝑖 −𝑄𝑠
𝑙𝑜𝑎𝑑,𝑖 +𝑄𝑠

𝑈𝑆,𝑖 =
𝑛
∑

𝑗=1
𝑣𝑠𝑖 × 𝑣𝑠𝑗

×𝑌 𝑠
𝑖,𝑗 × sin (𝜃𝑠𝑖,𝑗 + 𝛿𝑠𝑗 − 𝛿𝑠𝑖 ) = 𝑄𝐹 𝑠

𝑖𝑗 ∀𝑖, 𝑗, 𝑠 (8)

here for each state 𝑠, 𝑌 𝑠
𝑖,𝑗 and 𝜃𝑠𝑖,𝑗 represent the magnitude and angle

f the admittance matrix at element 𝑖𝑗. 𝛿𝑠𝑖 and 𝛿𝑠𝑗 are the power angles
ssociated with node 𝑖 and 𝑗. Lastly, 𝑣𝑠𝑖 and 𝑣𝑠𝑗 are the voltage at node
and 𝑗 for each state 𝑠.

.2. Main grid & OLTC constraints

The main grid is connected to bus 1 of the system through an on-
oad tap changer (OLTC). The grid’s power ranges are defined using
qs. (9)–(10) whereas the OLTC is comprised of 16 steps ranging from
.95 pu to 1.05 pu (in increments of 0.625%) as shown in Eq. (11).
he OLTC facilitates CVR application, in a grid-connected system, by
etermining the optimal number of taps that meets the objectives and
onstraints of the model. The voltage on bus 1 is set to 1 pu (0 taps)
nless CVR is applied.
𝑠,𝑚𝑖𝑛
𝑔𝑟𝑖𝑑 ≤ 𝑃 𝑠

𝑔𝑟𝑖𝑑 ≤ 𝑃 𝑠,𝑚𝑎𝑥
𝑔𝑟𝑖𝑑 (9)

𝑠,𝑚𝑖𝑛 ≤ 𝑄𝑠 ≤ 𝑄𝑠,𝑚𝑎𝑥 (10)
𝑔𝑟𝑖𝑑 𝑔𝑟𝑖𝑑 𝑔𝑟𝑖𝑑
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𝑣𝑂𝐿𝑇𝐶 = 1 − 𝑡𝑎𝑝𝑠 × 0.00625 (11)

here 𝑡𝑎𝑝𝑠 represents the optimal tap setting from the 16 taps available
o the OLTC (−8 to +8).

.3. Power generation constraints: Distributed Generation (DGs)

The DG’s injected active and reactive power limits are defined
sing Eqs. (12)–(13), respectively. The dispatchable DGs present in
he system are controlled using PQ control in grid-connected mode. It
s assumed that the DGs are not allowed to control the voltage during
rid-connected mode (grid-following). Alternatively, droop control is
sed to control the DGs in grid-forming mode (isolated mode) permit-
ing the DGs to control the system’s frequency and voltage setpoints as
escribed below in Section 2.7. As for the non-dispatchable DGs, they
ollow the percentage peak power that is defined in every state and are
irectly injected into the system.
𝑠,𝑢
𝐷𝐺,𝑚𝑖𝑛 ≤ 𝑃 𝑠,𝑢

𝐷𝐺 ≤ 𝑃 𝑠,𝑢
𝐷𝐺,𝑚𝑎𝑥 (12)

𝑠,𝑢
𝐷𝐺,𝑚𝑖𝑛 ≤ 𝑄𝑠,𝑢

𝐷𝐺 ≤ 𝑄𝑠,𝑢
𝐷𝐺,𝑚𝑎𝑥 (13)

.4. Thermal constraints

The thermal constraint as shown in Eq. (14) within a system ensure
hat a line capacity is respected, this is an important constraint for
he reconfiguration operation as it limits the restoration path options
vailable and forces the reconfiguration topology to be optimum.

𝑃𝐹 𝑠
𝑖𝑗 )

2 + (𝑄𝐹 𝑠
𝑖𝑗 )

2 ≤ 𝐿𝑆𝑠
𝑖𝑗 × (𝑆𝐹 𝑠,𝑚𝑎𝑥

𝑖𝑗 )2 (14)

here, 𝑃𝐹 𝑠
𝑖𝑗 , 𝑄𝐹 𝑠

𝑖𝑗 , 𝑆𝐹
𝑠,𝑚𝑎𝑥
𝑖𝑗 and 𝐿𝑆𝑠

𝑖𝑗 are the active, reactive, maximum
pparent power flow, and line status for each line 𝑖𝑗 for each state 𝑠.

2.5. Radiality constraints

Ensuring radiality within radial distribution systems is essential to
their function. Eq. (15) shows that for each possible loop  within the
distribution system, 𝐿𝑆𝑠

𝑖𝑗 , line status for each line 𝑖𝑗, is the number of
buses in the line excluding the open line, therefore ensuring the sys-
tem’s radiality and eliminating any loops. 𝑁 representing the number
of lines within a possible loop radial systems. Usually the normally open
line is the tie-line that radial distribution systems are equipped with
but during reconfiguration the open line within each possible loop will
change to reflect the optimal topology.
∑

𝑖,𝑗∈
𝐿𝑆𝑠

𝑖𝑗 = 𝑁 − 1 (15)

2.6. Voltage constraints

The permissible voltage range is shown in Eq. (16), the range in per
unit is chosen according to IEEE standards [21].

𝑣𝑠𝑖,𝑚𝑖𝑛 ≤ 𝑣𝑠𝑖 ≤ 𝑣𝑠𝑖,𝑚𝑎𝑥 (16)

where the minimum voltage, 𝑣𝑠𝑖,𝑚𝑖𝑛, and maximum voltage, 𝑣𝑠𝑖,𝑚𝑎𝑥, are
efined as 0.95 pu & 1.05 pu.

.7. Isolated system - Additional constraints

.7.1. Droop control constraints
In grid–connected mode, dispatchable DGs operate in the grid fol-

owing (PQ) mode given that the main grid holds the system frequency
nd voltage magnitude. In isolated (grid–forming) mode, dispatchable
G units are responsible of holding the system frequency and bus
oltages. Usually, a droop control approach is applied to share the
ctive and reactive power among the dispatchable DG units while
olding the system frequency and local bus voltages [22]. Eq. (17)
4

manages active power-sharing based on the frequency of the microgrid
while Eq. (18) governs the reactive power-sharing based on the voltage
level at the DG’s bus.

𝜔𝑠 = 𝜔𝑠,𝑛𝑜𝑚
𝐷𝐺,𝑖 − 𝑚𝑝,𝐷𝐺 × 𝑃 𝑠,𝑢

𝐷𝐺,𝑖 (17)

𝑣𝑠𝑖 = 𝑣𝑠,𝑛𝑜𝑚𝐷𝐺,𝑖 − 𝑛𝑞,𝐷𝐺 ×𝑄𝑠,𝑢
𝐷𝐺,𝑖 ∀𝑖 ∈ 𝐷𝐺 (18)

The nominal voltage setpoint, 𝑣𝑠,𝑛𝑜𝑚𝐷𝐺,𝑖 , in Eq. (18) is left to be deter-
mined by the optimizer within the voltage range described in Eq. (16)
during CVR application, otherwise it is fixed at the upper bound of the
voltage range, 1.05 pu.

According to the DG’s capacity, the active and reactive power droop
gains are adjusted to ensure equal power-sharing. Where 𝑃 𝑠,𝑢

𝐷𝐺,𝑖 and
𝑄𝑠,𝑢

𝐷𝐺,𝑖 are the active and reactive power measurements at node 𝑖 for
every state 𝑠, respectively. The active and reactive droop gains, 𝑚𝑠

𝑝,𝐷𝐺
and 𝑛𝑠𝑞,𝐷𝐺, are derived from the upper and lower bounds of frequency
and voltage as shown in Eqs. (16), (19)–(21) [23].

𝜔𝑠,𝑙𝑏 ≤ 𝜔𝑠 ≤ 𝜔𝑠,𝑢𝑏 (19)

𝑚𝑝,𝐷𝐺 = (𝜔
𝑠,𝑢𝑏 − 𝜔𝑠,𝑙𝑏

𝑃 𝑠,𝑢
𝐷𝐺,𝑚𝑎𝑥

) (20)

𝑞,𝐷𝐺 = (
𝑣𝑠𝑖,𝑚𝑖𝑛 − 𝑣𝑠𝑖,𝑚𝑎𝑥

𝑄𝑠,𝑢
𝐷𝐺,𝑚𝑎𝑥

) (21)

3. Case studies

This section aims to validate the effectiveness of integrating the CVR
concept in the optimization of service restoration. To that end, the
proposed optimization model has been coded and solved on General
Algebraic Modeling System (GAMS), a commonly used optimization
software that deals with solving a wide variety of optimization prob-
lems [24]. Several system configurations are investigated using the
proposed approach, including grid-connected and isolated systems. As
discussed earlier, the implementation of CVR varies based on the sys-
tem configuration; the OLTC has been used at the main grid substation
to implement CVR in the presence of the grid. On the other hand, opti-
mizing the nominal voltage of the Q–V droop equations on dispatchable
DGs achieves CVR application in isolated system configurations. Load
to voltage (LTV) is commonly associated with CVR; essentially it repre-
sents the load’s voltage dependency/sensitivity. As such, different load
types have been investigated for each case study demonstrating how
CVR’s effect varies from one type to the next. Without loss of generality,
the load types investigated in these case studies are: constant power (P),
constant current (I), constant impedance (Z) and polynomial load (ZIP)
representing a mix of loads in the system.

The 69–bus test system given in [25] has been utilized to demon-
strate the effectiveness of the proposed approach. The nominal voltage
of the system’s feeder is 12.66 kV and the total system active and
reactive power load are 3.8 MW and 2.69 MVAR, respectively. The
system is comprised of 68 lines and 5 tie lines. Three different cases
have been presented in this section, where each case considers the IEEE
– 69 bus system with a fault on a bus, but in different conditions as
shown in Figs. 1, 2, 4 & 7. Each case is formulated to reflect the effects
of climate change and faults it can cause within the system. In some
cases, the fault defined is a bus fault in all cases, the faulted bus could
have a DG connected to it resulting in generation loss as well. Here it
is noteworthy that the simulated faults are selected to cause a portion
of the load to be disconnected without creating a complete blackout
for the entire system. As such, the concept of cold load pickup, which
is usually associated with distribution systems as they recover from
blackouts/prolonged outages [26], is not taken into account during the
proposed restoration process.

Different operations of the system have been considered to assess
the fault: grid-connected system without and with DGs, isolated sys-
tem with dispatchable DGs and lastly, isolated system with a mix of
dispatchable DGs and non-dispatchable DGs.
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Fig. 1. Grid-connected conventional IEEE 69 bus system without DGs: Fault at bus 60.
Fig. 2. Grid-connected conventional IEEE 69 bus system with DGs: Fault at bus 60.
The diversity taken into consideration with the system conditions
and fault severity reflects different behavior of faults caused by climate
change as they range from causing minor to more significant impacts
on the system. Similar to how the climatic faults simulated in [8]
disconnected roughly a third of the system load, climatic faults in a
grid-connected system are defined within these case studies as a bus
fault that result in disconnection of a substantial portion (third) of the
load. However, unlike grid-connected systems, isolated systems are not
expected be severely impacted by the same fault due to the distributed
generation present. Therefore, the fault simulated for an isolated system
is a fault on a bus connected to a DG, resulting in losing a portion of
generation. The following case studies results are formatted uniformly
as they examine the power demand lost due to the fault (unserved
power demand), the power recovered because of the reconfiguration
alone, and the power recovered by utilizing the reconfiguration-CVR
fusion. The cases mentioned have been carried out with the following
assumptions:

• All loads are reconnected with the same power factor they had
initially before the restoration process shown in Eqs. (2)–(6).

• The thermal limits of the system are respected as shown in
Eq. (14) [27].

• Permissible ±5% voltage change within the system, reflected
within Eq. (16).

• All loads in the system have the same priority.
5

Table 1
ZIP coefficients for industrial and residential loads [20,28].

Polynomial coefficients

𝑍𝑝 𝑍𝑞 𝐼𝑝 𝐼𝑞 𝑃𝑝 𝑃𝑞

Industrial 1.21 4.35 −1.61 −7.08 1.41 3.72
Residential 1.42 8.86 −2.17 −14.59 1.75 6.73

• Constant power load is modeled using exponential load model
with 𝛼 = 𝛽 = 0. Constant current load using 𝛼 = 𝛽 = 1 and
constant impedance load using 𝛼 = 𝛽 = 2.

• For the system dominated with polynomial (ZIP) load, the loads
that have a demand higher than 100 kW are considered industrial
while the rest of the loads are considered residential load type.
The loads are modeled according to the coefficients defined in
Table 1.

• System bases:

– Base Apparent Power: 10 MVA
– Base Voltage: 12.66 kV

3.1. Case 1: Grid–connected system

In this case study, it is assumed that the studied 69–bus distribution
system operates in grid-connected mode. A single fault occurring at bus
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Fig. 3. Case 1 (a) voltage profile for: (a) constant current load, (b) constant impedance load, and (c) ZIP load.
Fig. 4. Isolated IEEE – 69 bus system with additional DGs: Fault at bus 63.
Table 2
Unserved power for Case 1 (a): Grid-connected system without DGs.

Unserved power (MW) Load type

Constant P Constant I Constant Z ZIP load

Before reconfiguration 1.56 1.56 1.56 1.56
With reconfiguration 1.058 0.978 0.902 0.987
With reconfiguration & CVR – 0 0 0.361
6

Table 3
Dispatchable DG size and location.

Deterministic DGs

Bus 19 20 31 33 42 55 63 64
DG size (kVA) 400 300 700 200 400 800 1400 600
𝑝𝑓 (𝑚𝑖𝑛) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
𝑛𝑞 3.5 4.67 2.04 7.14 3.57 1.785 1.003 2.33
𝑚𝑝 0.4075 0.543 0.233 0.815 0.4075 0.2037 0.166 0.272
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Fig. 5. Case 2 voltage profile for: (a) constant current loads, (b) constant impedance loads, and (c) ZIP loads.
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Table 4
Unserved power for Case 1 (b): Grid-connected system with DGs.

Unserved power (MW) Load type

Constant P Constant I Constant Z ZIP load

Before reconfiguration 0.286 0.286 0.286 0.286
With reconfiguration 0 0 0 0
With reconfiguration & CVR – – – –

60 is examined for this case, as shown in Figs. 1 & 2. The fault has
rendered the lines connected to bus 60 as open lines and cannot be
used to reroute power during reconfiguration. This case study is split
into two parts: Case 1 (a) without DGs and Case 1 (b) with DGs. In
Case 1 (a), the sole power source in the system is the main grid which
feeds the whole system. In Case 1 (b), a number of dispatchable DGs
are assumed to be connected to the system and operate in constant PQ
mode (grid–following), as depicted in Fig. 2.

3.1.1. Case 1 (a): Grid-connected system without DGs
A fault on bus 60 has been examined in this case on a system

that is dominated with different load types as shown in Table 2. The
load types that dominate the system might affect on the results of
reconfiguration and the effectiveness of CVR in restoring the unserved
loads. Furthermore, Fig. 3 displays CVR’s effect on the voltage profile of
the various load types in this case, excluding the constant power loads
at which CVR was not deployed. Additionally, The power lost after the
fault isolation and before reconfiguration is found using the constant
power load model and is assumed the same for all load types examined
due to the absence of voltage in the disconnected loads. In cases that
reconfiguration is able to recover the full load, CVR is not deployed.
Table 2 reflects that due to the fault location being close to a large
load in the system, 1.244 MW at bus 61, the reconfiguration process
alone was unable to recover the entire lost loads for any of the load
types examined. Reconfiguration’s ability to reroute power is limited
7

by the voltage constraints and thermal limits present in the system. s
Therefore, reconfiguration-CVR fusion was deployed for load types that
are voltage dependent in an attempt to serve more loads. The results
in the table show that the fusion was able to recover the entire load
for systems dominated with constant current by changing the tap on
the OLTC to (−8 taps) and impedance loads by changing the tap on
the OLTC to (−7 taps) accordingly. However, systems dominated with
IP loads have seen significant reduction in unserved power using the
econfiguration-CVR fusion by changing the tap on the OLTC to (−8).
egardless of the new voltage operating point at bus 1, a portion of

he load was left unserved in case of ZIP load. It is noteworthy to point
ut that ZIP modeled load contains a portion of load that is voltage
ndependent hence, CVR could not recover the load fully.

.1.2. Case 1 (b): Grid-connected system with DGs
This case study examines the same fault in Case 1 (a) with an addi-

ion of 8 dispatchable DGs connected to the network as shown in Fig. 2.
he 8 DGs have been extracted from [20] which proposes optimum DGs
izes and locations catered to an isolated IEEE 69 – bus system. The
Gs added are defined in Table 3. The presence of DGs in the system
istributed the power injections within the system, noting that the DGs
n this case are controlled in PQ mode and the grid solely controls the
requency and voltage setpoints of the system. The results of this case
re shown in Table 4. The results reflect that reconfiguration alone is
apable of retrieving the disconnected load in all load types in cases
ith high penetration DGs. As such, CVR has not been deployed in any
f the load types and has no role in this case as opposed to Case 1 (a)
here CVR was needed. Here, it is noteworthy that CVR could still be
pplied after the load restoration process to achieve other objectives,
.g., power loss minimization, however this is outside the scope of this
ork, which focuses on investigating the effectiveness of CVR to help

ecovering more loads during the restoration process.

.2. Case 2: Isolated IEEE - 69 bus system

The second case examines a fault on bus 63 in an isolated system

upplied by dispatchable DGs as described in Table 3, and shown
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Fig. 6. Active and reactive power output of DGs in Case 2 for: (a) constant current load, (b) constant impedance load, and (c) ZIP load.
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Table 5
Results for Case 2, isolated system.

Unserved power (MW) Load type

Constant P Constant I Constant Z ZIP load

Before reconfiguration 2.182 2.182 2.182 2.182
With reconfiguration 1.056 0.899 0.752 0.918
With reconfiguration & CVR – 0.866 0.708 0.865

Table 6
Nominal voltage droop parameter for each DG in Case 2.
𝑣𝑠,𝑛𝑜𝑚𝐷𝐺,𝑖 Load type

Constant I Constant Z ZIP load

DG1 1.0437 1.0465 1.0322
DG2 1.0443 01.047 1.0333
DG3 1.0386 1.0416 1.0337
DG4 1.0398 1.0428 1.035
DG5 1.0365 1.0427 1.0347
DG6 1.0485 1.0486 1.0438
DG8 1.0396 1.044 1.0394

in Fig. 4. Droop control is used to coordinate equal power sharing
between the available DGs following Eqs. (17)–(21). The fault on bus
63 results in the loss of DG7 in this case, as shown in Fig. 4, causing
the system to be deficient in generation. The results of this case are
presented in Table 5 & Fig. 5. As shown in the table, the unserved load
is significantly higher in this case than in the previous case/s due to
a loss of key generation that the system depended on as opposed to
the previous grid-connected case. Reconfiguration in this case has less
effect on restoring loads than previous cases due to the added limita-
tion, e.g., generation limitation to the system. The reconfiguration-CVR
fusion has improved the performance of the restoration process by
decreasing the unserved power demand compared to reconfiguration
alone in most load types that are voltage dependent. The fusion effect
on the voltage profile of different load types is evident in Fig. 5. The
8

s

figure, Fig. 6, shows that DGs in the system share the active and
reactive power of the system load based on their ratings and droop
parameter settings. [22] describes this behavior as a plug-and-play
feature, allowing decentralized control, droop control, to determine the
frequency and voltage setpoints of the system. As shown in Fig. 6 the
output active and reactive powers of the DGs during reconfiguration
and reconfiguration with CVR are very similar. It is worth noting that
DG7 is not included in Fig. 6 as it is no longer connected to the system.
During reconfiguration, the nominal voltage setpoint of the droop
parameters, 𝑣𝑠,𝑛𝑜𝑚𝐷𝐺,𝑖 , is set at the upper bound = 1.05 pu. Meanwhile,
o apply the CVR fusion, the parameter is left to be optimized by the
ptimizer and its optimal values are stated in Table 6. These values
llowed CVR to be effective in the voltage dependent load types and
inimize the unserved power with up to 5.77% in this case. The table

lso shows that the ZIP load demands the lowest voltage setpoints from
he DGs while constant current and constant impedance load types are
nterchangeable in their associated nominal voltage setpoints.

.3. Case 3: Isolated IEEE - 69 bus system with a mix of deterministic and
ariable DGs

This case examines a probabilistic approach by connecting variable
ind turbines alongside the dispatchable DGs and modeling probabilis-

ic load to the system. Before carrying out the case study, the details
f the probabilistic generation and load must be defined. Introducing
robabilistic wind turbine approach allows the examination of the
ffect of different weather conditions on the system [29]. The following
ubsections define the specifics of the probabilistic wind states, load
tates and indices used to analyze this case study.

.3.1. Probabilistic wind turbine
The probabilistic nature of the wind is modeled using a Rayleigh

DF, which is commonly used to model the wind speed characteris-
ics [30]. The PDF has been established using historical data spanning

everal years. To find the range between the probabilities, the PDF
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Table 7
Annual wind and power states.

State Wind speed % Peak wind Probability Hour/year

1 14–25 100 0.078425 687
2 13–14 95 0.025 219
3 12–13 85 0.032648 286
4 11–12 75 0.045091 395
5 10–11 65 0.050114 439
6 9–10 55 0.077284 677
7 8–9 45 0.09121 799
8 7–8 35 0.112215 983
9 6–7 20 0.103653 908
10 5–6 15 0.112329 984
11 4–5 5 0.066096 579
12 0–4 & ≥25 0 0.205936 1804

Table 8
Wind turbine characteristics.

Scale parameters 𝑐 1.128 × 𝑉 𝑠
𝑎𝑤

Shape parameters 𝑘 2
Cut in speed 𝑉 𝑠

𝑐𝑖 4 m/s
Rated speed 𝑉 𝑠

𝑟 14 m/s
Cut out speed 𝑉 𝑠

𝑐𝑜 25 m/s

is integrated to find the cumulative density function (CDF). The wind
speed is divided into 12 states. The first state considers the wind speeds
between 14 m/s to 25 m/s to represent the wind turbine at rated power,
then the following ten states consider the wind speed with a decreasing
step of 1 m/s, and the last step considers wind speeds between 0 m/s–
4 m/s and above 25 m/s. The wind states, probabilities, and power
output associated are demonstrated using Table 7 [30]. The mean wind
speed of each state, 𝑉 𝑠

𝑎𝑤, is used to find the power output of that state.
This means that, for example, state 2 includes all wind speeds between
13 m/s and 14 m/s, and the power output of that state is calculated
for the mean wind speed of 13.5 m/s, and then assumed to be fixed for
the whole range/state.

3.3.2. Probabilistic model details
Similar probabilistic analysis also needs to be considered for the

load profile. The load is not always fixed or at peak load; In this case,
the peak load is assumed to change following the hourly load shape of
the IEEE - RTS. As a result, 10 states have been used to model the load
profile, each state has the load operating at a different percentage of
the peak load, as shown in Table 9 [31].

3.3.3. Combined generation - Load model
The combined generation-load model is found by convolving the

probability of the wind states (12 states) by the probability of the load
states (10 states), yielding 120 states in total. The combined probability
is calculated using Eq. (22).

𝑃 (𝐶𝑠) = 𝑃 𝑠
𝑤(𝑡) × 𝑃 𝑠

𝑙 (𝐿) (22)

where for each state 𝑠, 𝑃 (𝐶𝑠) is the combined probability of the state,
𝑃 𝑠
𝑤(𝑤) is wind probability of wind turbine 𝑤 and 𝑃 𝑠

𝑙 (𝐿) is the probability
f the load 𝐿. The wind output power and load consumption for each
tate s is derived from the C matrix. The C matrix is a matrix composed
f rows representing states and columns representing the 𝑤 wind
urbines in addition to, the total load. The different wind percentage of
eak power is stored in the 𝑤th column of the C matrix. The different
oad states are stored in the 𝑤+1 column of the C matrix [30]. Each
tate has an associated percentage of the peak power output for wind
urbines in the network and the percentage of the peak load for that
9

tate.
Table 9
Annual load and power states.

State % Peak load Probability Hour/year

1 100 0.01 87.6
2 85.3 0.056 490.56
3 77.4 0.1057 925.93
4 71.3 0.1654 1448.9
5 65 0.1654 1448.9
6 58.5 0.163 1427.88
7 51 0.163 1427.88
8 45.1 0.0912 798.9
9 40.6 0.0473 414.35
10 35.1 0.033 289.1

Table 10
DG mix size and location.

Deterministic Wind

Bus 19 20 33 42 55 63 31 64
DG size (kVA) 400 300 200 400 800 1400 700 600
𝑝𝑓 (𝑚𝑖𝑛) 0.7 0.7 0.7 0.7 0.7 0.7 1 1

Table 11
Case 3 results - unserved energy of different load types.

Load type

Energy lost Constant P Constant I Constant Z ZIP load
ENS (MWh/Year) 9060.1 9060.1 9060.1 9060.1
COST (k$/Year) 959.46 959.46 959.46 959.46
With reconfiguration Constant P Constant I Constant Z ZIP load
ENS (MWh/Year) 4850.75 4409.17 3392.87 3923.5
COST (k$/Year) 513.69 466.93 359.31 415.5
With reconfiguration & CVR Constant P Constant I Constant Z ZIP load
ENS (MWh/Year) – 4050.14 3278.04 3708.57
COST (k$/Year) – 428.91 347.14 392.74
Savings – 8.1% 3.38% 5.478%

3.3.4. Indices used - Probabilistic analysis
The Cost of Energy Not Served (COST) and Energy Not Served (ENS)

are indices used in this case to reflect an annual analysis. Eq. (23)
formulates the ENS as the summation of unserved energy over all the
states. The COST index in Eq. (24) translates the energy into dollar cost
using the retail price of electricity, 10.59 cents/kWh. The price is based
on the average retail price of electricity in the United States of America
(USA) as presented by the U.S. Energy Information Administration
(EIA) for the year 2020 [31].

𝐸𝑁𝑆 =
𝑚
∑

𝑠=1

𝑛
∑

𝑖=1
𝑃 𝑠
𝑈𝑆,𝑖 × 𝑡𝑠 (23)

𝐶𝑂𝑆𝑇 = 𝐸𝑁𝑆 × 𝜇 (24)

where 𝑡𝑠 is the time that the state occurred within a year and 𝜇 is the
retail price of electricity in $/kWh.

3.3.5. Case 3: Isolated IEEE - 69 system with a mix of dispatchable &
probabilistic DGs - Results

The non-dispatchable DGs used in this case are wind turbines whose
characteristics are defined in Table 8 [30] with a mean wind speed of
6.07 m/s in the site under study. This case is similar to Case 2, isolated
system with DGs. The main difference is that two of the dispatchable
DGs have been replaced by non-dispatchable wind turbines, the new
DG mix is defined in Table 10 and shown in Fig. 7. All the 120 states,
defined in the subsections above are analyzed with their associated
wind and load peak percentage. This case will cover an annual pe-
riod of 8760 h. The following indices: ENS (MWh/year) and COST
(k$/year), defined in Eqs. (23) and (24), have been used to analyze
and compare the results between the operation of reconfiguration alone
and reconfiguration-CVR fusion. The total capacity of the deterministic
DGs is 3500 kVA, and the WTs capacity is 1200 kVA. The total size of
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Fig. 7. Isolated IEEE – 69 bus system with dispatchable DGs and probabilistic WTs: Fault at bus 63.
Fig. 8. Frequency of all 120 states for: (a) constant current load, (b) constant impedance load, and (c) ZIP load.
the DGs in the system is 4800 kVA; therefore, it covers the total load
of 4650 kVA when the wind and load are at maximum capacity. The
wind turbines operate at unity power factor and directly inject their
output into the system. Due to the unity power factor, the total WT
injection is 1200 kW at rated power. This ensures that the maximum
wind injection is less than the minimum load state, 35.1% of active
peak load being 1337 kW. This is done to avoid reverse power flow
in the state that corresponds to 100% peak wind output and 35.1%
peak load consumption. The same fault as case 2, is examined in this
case, fault at bus 63. The fault is examined for all the 120 states. The
10
frequency of the system in all the 120 states during reconfiguration
alone and reconfiguration-CVR fusion can be seen in Fig. 8. This case
considers energy lost instead of power lost as in previous cases due to
the probabilistic analysis done in this case. The result of the fault on
different load types is displayed in Table 11. The energy lost is large
due to a loss in generation in addition to the probabilistic changes in
wind output i.e., it is not injecting rated power in every state. In every
load type, reconfiguration was able to recover a significant portion of
the unserved energy, but the reconfiguration-CVR fusion was able to
optimize the reconfiguration operation significantly, up to 8% in some
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cases. Translating to an overall $590,000 reduction in cost annually
in some load types, making the fusion of reconfiguration and CVR very
attractive.

4. Conclusion

This paper proposes a new approach to enhance the power distri-
bution system resilience by optimizing the self-healing scheme through
the integration of CVR with system reconfiguration. The proposed opti-
mization approach is formulated mathematically with consideration of
different load types (constant power, current, impedance, and ZIP) and
different operation modes (grid-connected and isolated). To validate
the superiority and effectiveness of the proposed approach, several
case studies have been carried out on the 69–bus distribution system:
grid-connected without and with DG integration, isolated system with
dispatchable DGs, and isolated system with a mix of dispatchable and
non-dispatchable DGs. The cases have been carried out for reconfig-
uration alone and for the proposed reconfiguration-CVR fusion. The
results showed that, depending on the load type and penetration levels
of DGs, reconfiguration alone might be capable of restoring the entire
load in grid-connected systems without the need of being integrated
with CVR. Also, it has become clear from the case studies that the
process of reconfiguration alone might fail short to restore the entire
unserved load when a significant portion of generation and/or load
is lost due to the imposed system’s limitations; especially in cases
of isolated systems. In all cases, reconfiguration alone recovered a
significant portion of the lost loads; however, when compared to the
reconfiguration-CVR fusion, the fusion was successful in freeing 3%–6%
of energy and, thus, help restoring more loads. Further, in the final case
study, a probabilistic analysis has been conducted to account for the
variability of non-dispatchable power generation and load consumption
in evaluating the effectiveness of the proposed approach. The results
showed that a potential accumulated saving for the expected energy not
served and the cost of outage in the range of 3%–8% could be achieved
with the application of the proposed reconfiguration–CVR approach.
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