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Abstract—Electricity distribution companies are actively work-
ing to improve grid operational efficiency and reliability to meet
the evolving expectations of customers. Achieving these objectives
necessitates the utilization of advanced control methods for
distributed power generation while emphasizing grid reliability
improvements. This paper proposes an approach to integrate
adaptive control systems of inverter-based resources (IBRs) with
reliability evaluation of distribution systems to improve the
impact of IBRs on overall system reliability. This approach effec-
tively utilizes adaptive droop control of inverter-based distributed
energy resources, leading to substantial enhancements in system
reliability. The proposed approach leverages mixed-integer linear
programming optimization and incorporates detailed linear AC
optimal power flow to find efficient solutions. Notably, this study
is pioneering in its incorporation of adaptive droop control into
reliability assessments, demonstrating significant improvements
in critical reliability indicators like the System Average Inter-
ruption Duration and Frequency Indices (SAIDI) and (SAIFI) in
distribution systems. The effectiveness of the proposed approach
is validated through a series of diverse case studies conducted
on the IEEE 33-bus test system.

Index Terms—Reliability assessment, adaptive control, active
distribution system, droop control, inverter-based resources.

I. INTRODUCTION

Reliability assessment of distribution systems is crucial

for ensuring consistent electricity delivery with acceptable

power quality. This is essential for residential, commercial,

and industrial consumers. The integration of inverter-based

distributed generation has been increasing for eco-friendly and

cost-effective networks. However, this integration requires ef-

ficient operational strategies to maximize generation resource

potential, especially during failures and unpredictable weather.

Therefore, a comprehensive examination of distribution sys-

tems is needed to address these complex challenges.

This research investigates the impact of adaptive control
systems of inverters on the reliability assessment of distribution

systems, such that the role of adaptive droop control in

maximizing the potential of inverters to support the overall

system’s reliability is studied. The adaptive control system

for inverter-based resources (IBRs) plays a pivotal role in

providing more flexibility in the operating points of IBRs

and improving the ability of the distribution grid to maintain

reliability and power quality.

The complexity of distribution systems with renewable en-

ergy sources (RESs) and their potential operational challenges

are being taken into consideration, including the various modes

of microgrid operation [1]–[5], the customer impacts [6], [7],

the uncertainty of RESs [1], [8], integrating transient stability

and reliability assessment of RESs [9], and the impact of

microgrid penetration in the distribution system as well as

main utility and their reliability [10]–[12]. Most of exciting

studies have considered IBRs as dispatchable units that cannot

represent the accurate inverter operation model. On the other

hand, by modeling the inverters using the traditional droop

control, the operation of the IBRs as a small autonomous unit

to help improve system reliability, can be limited.
Therefore, the high penetration of IBRs requires a focus on

utilizing more intelligent and advanced control of inverters to

unlock their potential to improve the reliability of distribution

systems. Also, it is necessary to incorporate IBRs and an

intelligent control system that can be modified based on grid

state in the reliability studies of an active distribution system.

The capability of the IBRs should be modeled such that after

each contingency, the system can utilize the most possible

power generated by IBRs. Moreover, the interdependency

of load and inverter droop control with voltage and power

needs to be considered. By accurately representing the models

of IBRs, loads, and power flow while taking into account

the interdependency between voltage and reactive power, the

reliability assessment can unveil the latent potential of adaptive

droop control in IBRs as well as reactive power and voltage

regulation to enhance the overall system reliability.
This paper integrates adaptive control techniques with the

assessment of system reliability. It achieves this by implement-

ing a meticulous linear optimization framework, taking into ac-

count inverter controls, adaptive control systems for inverters,

and voltage-dependent load models. A precise and compre-

hensive linear AC optimal power flow (AC-OPF) approach is

employed to facilitate the evaluation of sequential Monte Carlo

reliability assessments. Furthermore, the inclusion of the ZIP

load model for load characterization, along with its application

to inverters, enables the fine-tuning of voltage regulation in

both normal operating conditions and contingency scenarios.

The main contributions of this paper are as follows:

• The proposed approach bridges the gap between reliabil-

ity assessment and inverter control system in distribution

systems in under a mixed-integer linear programming

(MILP) optimization framework.

• An intelligent droop control scheme is proposed to fully

optimize the potential of IBRs for enhanced reliability.
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• A comprehensive numerical assessment under sequential

Monte Carlo simulation with detailed modeling of linear

AC-OPF, adaptive droop control of inverters, and the ZIP

load model is presented.

The rest of the paper is organized as follows. Section II

formulates the MILP problem. In Sections III and IV, the

proposed approach is simulated, analyzed, and concluded.

II. METHODOLOGY AND MODELING

A. Linear AC Optimal Power Flow
This study focuses on the importance of considering voltage

and reactive power dependency in distribution system reliabil-

ity studies. To simulate this dependency, the paper proposes the

use of the AC-OPF model, which can provide a more realistic

assessment of distribution system reliability for the interde-

pendency of voltage and reactive power. By optimizing these

variables, AC-OPF provides a more comprehensive framework

for ensuring the efficient and stable operation of the power

distribution system. However, the nonlinear AC-OPF model

is computationally intensive and time-consuming, especially

when conducting reliability studies that require multiple power

flow analyses. To overcome this limitation and improve the

efficiency of reliability assessments, this paper introduces a

linear AC-OPF model, which is expected to strike a balance

between accuracy and computational complexity [13]. The

subsequent section of the paper elaborates on the development

of this linear AC-OPF model. At each node i, the general

equations for power flow can be written as follows:

P sub
i + P IBR

i = P L
i +

η∑
j=1

P line
ij , Qsub

i +QIBR
i = QL

i +

η∑
j=1

Qline
ij . (1)

where η is the number of nodes; (.)sub
i denotes the power

supplied by the substation at node i in p.u.; (.)IBR
i represents

power generations by the IBR at node i in p.u.; and (.)L
i

denotes load at node i in p.u.; P T
i and QT

i are assumed to be

equal to
∑η

j=1 P
line
ij and

∑η
j=1 Q

line
ij , respectively; such that

P line
ij and Qline

ij are active and reactive power flows through

the line between node i to node j in p.u.; such that if there

are not any lines between nodes i and j, P line
ij and Qline

ij are

equal to zero. P T
i and QT

i can be expended as follows:

P T
i = |Vi|

η∑
j=1

|Vj |(Gij cos(θi − θj) +Bij sin(θi − θj)),

QT
i = |Vi|

η∑
j=1

|Vj |(−Bij cos(θi − θj) +Gij sin(θi − θj)).

(2)

where |Vi| and θi represent magnitude and angle of voltage

at node i; Gij and Bij are the real and imaginary parts,

respectively, of the admittance matrix Yij = Gij + jBij . As

sin(θi − θj) is small, and the voltage is near 1.0 per unit,

|Vi||Vj | sin(θij) can be replaced by θij , where θi − θj = θij .

Equation (2) can be modified as follows:

P T
i =Gii|Vi|2 +

η∑
j=1,j �=i

(
Bij(θij) + |Vi||Vj |Gij cos(θij)

)
,

QT
i =−Bii|Vi|2 +

η∑
j=1,j �=i

(
Gij(θij)− |Vi||Vj | Bij cos(θij)

)
.

(3)

The nonlinear term of (3), |Vi||Vj | cos(θij), can be lin-

earized using the active and reactive loss equations of lines

as follows:

P loss
ij = −Gij |Vi|2 −Gij |Vj |2 + 2 |Vi||Vj | Gij cos(θij)),

Qloss
ij = Bij |Vi|2 +Bij |Vj |2 − 2 |Vi||Vj | Bij cos(θij).

(4)

where P loss
ij and Qloss

ij are the real and reactive power losses of

the line between nodes i and j. Subsequently, the equivalent

term of |Vi||Vj | cos(θij) is derived from (4) for both active

and reactive line power flow in the following manner:

|Vi||Vj | cos(θij) =
(
|Vi|2 + |Vj |2 + P loss

ij /Gij

)
/2,

|Vi||Vj | cos(θij) =
(
|Vi|2 + |Vj |2 −Qloss

ij /Bij

)
/2.

(5)

The power flow equation is adjusted by inserting (5) into

(3). Furthermore, in accordance with the network’s admittance

matrix, the Gii and Bii are defined as follows, respectively:

Gii = −
η∑

j=1,j �=i

Gij , Bii = −
η∑

j=1,j �=i

Bij . (6)

Therefore, equations (3) can be modified as follows:

P T
i =

(
Gii +

η∑
j=1,j �=i

Gij

2

)|Vi|2 +
η∑

j=1,j �=i

(
Bij(θij) +

(Gij |Vj |2 + P loss
ij

2

))

=
Gii|Vi|2

2
+

η∑
j=1,j �=i

(
Bij(θij) +Gij

( |Vj |2
2

+
P loss
ij

2Gij

))
,

QT
i = −(

Bii +

η∑
j=1,j �=i

Bij

2

)|Vi|2 +
η∑

j=1,j �=i

(
Gij(θij)−

(Bij |Vj |2 +Qloss
ij

2

))

= −Bii|Vi|2
2

+

η∑
j=1,j �=i

(
Gij(θij)−Bij

( |Vj |2
2

− Qloss
ij

2Bij
)
)
.

(7)

To linearize |Vi|2, f(|Vi|) is defined as (8). Following the

principles of the Taylor series, the approximation for |Vi|2 is

as follows [14]:

f(Vi) = |Vi|2 → f(|Vi|) ∼= f(1) +
df

d|Vi|
∣∣∣∣
|Vi|=1

.(|Vi| − 1),

|Vi|2 ∼= 1 + 2(|Vi| − 1) = 2|Vi| − 1.

(8)

Applying the Taylor approximation and considering (6)

equalities in (8), the power flow equations are modified as

follows:

P T
i = Gii|Vi|+

η∑
j=1,j �=i

(
Bij(θij) +Gij |Vj |+ P loss

ij

2

)

= Gii|Vi| −Biiθi +

η∑
j=1,j �=i

(
(−Bijθj) +Gij |Vj |+ P loss

ij

2

)
,

QT
i = −Bii|Vi|+

η∑
j=1,j �=i

(
Gij(θij)−Bij |Vj |+ Qloss

ij

2

)

= −Bii|Vi| −Giiθi +

η∑
j=1,j �=i

(
(−Gijθj)−Bij |Vj |+ Qloss

ij

2

)
.

(9)
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Assuming a network admittance matrix, Y = G + jB, the

equations in (9) are modified to matrix forms as follows:⎡
⎢⎣
P T
1

...

P T
η

⎤
⎥⎦ = G

⎡
⎢⎣
|V1|

...
|Vη|

⎤
⎥⎦− B

⎡
⎢⎣
θ1
...
θη

⎤
⎥⎦+Ψ

⎡
⎢⎣
P loss
1

...

P loss
η

⎤
⎥⎦ ,

⎡
⎢⎣
QT

1

...

QT
η

⎤
⎥⎦ = −B

⎡
⎢⎣
|V1|

...
|Vη|

⎤
⎥⎦− G

⎡
⎢⎣
θ1
...
θη

⎤
⎥⎦+Ψ

⎡
⎢⎣
Qloss

1

...

Qloss
η

⎤
⎥⎦ .

(10)

B. Linear Optimization Problem

1) Objective Function: The optimization problem is de-

fined to minimize the load curtailment in each scenario.

All decision variables are calculated based on the objective

function as follows:

Objective function : P LC
grid = min

η∑
i=1

P LC
i , (11)

where P LC
i and P LC

grid presents the load curtailment at node i and

grid, respectively. P LC
i is the decision variable. The operational

constraints are described in the following sections.

2) Power Flow and Lines: The constraints of the MILP

problem are subjected to the following:

P sub
i + P IBR

i + P LC
i − P L

i − P T
i = 0, (12a)

Qsub
i +QIBR

i +QLC
i −QL

i −QT
i = 0, (12b)

0 ≤ P sub
i ≤ P sub,max

i , 0 ≤ Qsub
i ≤ Qsub,max

i , (12c)

|P line
ij | ≤ P line,max

ij , |Qline
ij | ≤ Qline,max

ij , (12d)

V min
i ≤ |Vi| ≤ V max

i , θi : unrestricted, (12e)

0 ≤ P LC
i ≤ P L

i , QLC
i = P LC

i

(
QL

i

P L
i

)
. (12f)

where P sub
i , Qsub

i , P IBR
i , QIBR

i are decision variables.

3) ZIP loads: The load can be modeled as follows,

P L
i = P̂ L

i

(
ρPZ(1 + 2(|Vi| − ˆ|Vi|)) + ρPI (

|Vi|
ˆ|Vi|

) + ρPP

)
,

QL
i = Q̂L

i

(
ρQZ(1 + 2(|Vi| − ˆ|Vi|)) + ρQI (

|Vi|
ˆ|Vi|

) + ρQP

)
,

(13)

where the coefficients ρ
(.)
Z , ρ

(.)
I , and ρ

(.)
P pertain to constant

impedance, constant current, and constant power, respectively;
ˆ|Vi| represents the voltage at the base loads P̂ L

i and Q̂L
i . |Vi|

is decision variable.

4) Inverters and Droop Control: The droop control model

and its curves are typically used to determine the best course of

action from inverters. Here, a Q/V droop curves is considered

where QIBR
i is depend on |Vi| or Δ|Vi|. The Q/V droop curve

is modeled as follows [15], [16]:

|Vi| = |V set
i | − KIBR

Q,iQ
IBR
i , (14a)

SIBR,min
i ≤ SIBR

i ≤ SIBR,max
i , SIBR

i

2
= P IBR

i

2
+QIBR

i

2
, (14b)

V min
i ≤ |Vi| ≤ V max

i , V min
i ≤ |V set

i | ≤ V max
i , (14c)

KIBR,min
Q,i ≤ KIBR

Q,i ≤ KIBR,max
Q,i , (14d)

Qi
max

Qi
min

Vi
min

Vi
max (Ki

IBR,j)-1

Qi
max

Qi
min

ViVi

Fig. 1. Adaptive droop control: set-point (left) and injection rate (right).

where |V set
i | is the decision variable for the inverter at node i.

KIBR
Q,i represents the Q/V droop gain that is an integer decision

variable, where a big-M method is applied to linearize (14a)

described in Section II-B6.

5) Linearizing IBR Power Constraints: To linearize (14b),

the following constraints can be defined such that an octagon

shape is constructed:

−SIBR,max
i cos (

α

2
) ≤ P IBR

i ≤ SIBR,max
i cos (

α

2
), (15a)

−SIBR,max
i cos (

α

2
) ≤ QIBR

i ≤ SIBR,max
i cos (

α

2
), (15b)

−SIBR,max
i

cos(α2 )

cos(α)
≤ QIBR

i ±P IBR
i ≤ SIBR,max

i

cos(α2 )

cos(α)
, (15c)

where α is equal to 45◦ for the octagon. The proposed method

can simulate 90% of IBRs’ operation area.

6) Big-M Method: Generally, the Q/V loop of inverter

droop control at node i can be modeled by (14a). KIBR
Q,i is

an integer decision variable including d intervals such that

KIBR
Q,i ∈ {KIBR,1

Q,i , . . . ,KIBR,d
Q,i } (Fig. 1). If the reactive power

supplied by the inverter-based resource reaches its minimum

or maximum capacity, it will not restrict the node voltage, |Vi|.
Consequently, the node voltage may deviate from the values

defined in the Q/V loop equation used in droop control. In

other words,
⎧⎨
⎩

if QIBR,min
i < QIBR

i < QIBR,max
i ⇒ |Vi| = |V set

i | − KIBR
Q,i Q

IBR,grd
i

if QIBR
i = QIBR,min

i ⇒ |Vi| ≥ |V set
i | − KIBR

Q,i Q
IBR,min
i

if QIBR
i = QIBR,max

i ⇒ |Vi| ≤ |V set
i | − KIBR

Q,i Q
IBR,max
i

(16)

For QIBR
i between QIBR,min

i and QIBR,max
i , QIBR

i is presented

by QIBR,grd
i . In a MILP problem, the relation of decision vari-

ables in constraints needs to be linear. However, equation (16)

represents a nonlinear relation between decision variables QIBR
i

and KIBR
Q,i . To address this nonlinearity for a MILP problem, the

big-M method is applied to adaptive droop control constraints.

To utilize the big-M method on the nonlinear constraint in (16)

[17], a new artificial parameter, “M”, needs to be defined to

represent the nonlinear constraint. MIBR,j
Q,i is defined for IBR

at node i for jth interval, KIBR,j
Q,i , as follows:

−
MIBR,j

Q,i Γ
j
Q,i ≤ |Vi| − |V set

i |+KIBR,j

Q,i QIBR,grd

i (17a)

|Vi| − |V set
i |+KIBR,j

Q,i QIBR,grd
i ≤

+

MIBR,j
Q,i Γ

j
Q,i, (17b)
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Fig. 2. IEEE 33-bus system with five droop-controlled IBRs.

Γ
j
Q,i = 1− ψj

i ,

d∑
j=1

ψj
i = 1, ∀ψj

i ∈ {0, 1}, (17c)

KIBR
Q,i =

d∑
j=1

KIBR,j
Q,i ψj

i , (17d)

where ψj
i is the decision variable.

+/−
M IBR,j

Q,i for IBR at node i
can be determined as follows:

+

MIBR,j
Q,i = ξ(V max

i − V min
i ),

−
MIBR,j

Q,i = ξ(V min
i − V max

i ),
(18)

where ξ must be large enough.

C. Reliability Indices

System Average Interruption Duration Index (SAIDI), Sys-

tem Average Interruption Frequency Index (SAIFI), and Ex-

pected Demand Not Served (EDNS) are calculated as follows,

respectively:

SAIDI =
N∑
j=1

Lhr
j

Lj
× 8760 (hr/cus.yr), (19a)

SAIFI =
N∑
j=1

Lnum
j

Lj
× 8760 (occ/cus.yr), (19b)

EDNS =

( N∑
j=1

P LC
total,j

)
/N (MW), (19c)

where N is the number of scenarios; Lhr
j and Lnum

j are the

duration of sustained customer interruptions in hours and the

number of sustained customer interruptions in scenario j per

customer per year; Lj is the total number of customers in

scenario j; and P LC
total,j represents the curtailment at scenario

j in MW.

III. CASE STUDY

A. Modeling Consideration and Simulation

Fig. 2 shows a modified IEEE 33-bus system simulated to

aim to test the proposed approach in this study. The IBRs in

Fig. 2 are modeled as described in Section II-B4. ρ
(.)
Z , ρ

(.)
I ,

and ρ
(.)
P in ZIP load model are assumed 0.5, 0.4, and 0.1,

respectively [18]. The load peak is 5.25 + j3.69 MVA. The

load congestion level is schematically indicated in Fig. 2 by

small or large circles at each node. The main grid can supply

up to 40% peak load.

TABLE I
THE RELIABILITY INFORMATION OF THE INVERTER-BASED RESOURCES.

Node Apparent Power (MVA) MTTF (hr/yr) MTTR (hr/yr)

11 1.08 8607 153

18 1.275 8603 157

22 0.75 8634 126

25 1.275 8621 139

33 0.75 8657 103

TABLE II
THE RELIABILITY INDICES FOR FOUR CASE STUDIES.

Description SAIDI (hr/cus.yr) SAIFI (occ/cus.yr) EDNS (kW)

Constant control 734.09 15.45 417.23

VSP control 6.19 0.55 3.52

Adaptive control 3.09 0.37 1.76

An MILP problem is developed to conduct the reliability

assessment and solved based on the objective function (11).

The contingencies are generated based on the sequential Monte

Carlo technique and failure rates chosen based on [19], [20]

and tabulated in Table I for the IBRs.

B. Results and Analysis

Table II reports reliability indices for the system based on

the MILP problem results described in Section II. The table

represents a comparison of reliability indices between three

different case studies: constant droop control, voltage set-point

(VSP) control, and fully optimized droop gain control of IBRs.

In voltage set-point control, the droop gain is constant, and the

voltage reference for droop control is variable. Incorporating

adaptive droop gain in system operation, the SAIDI and

SAIFI are improved by 99.57% and 97.61%, respectively,

meaning the duration and number of not-supplied customers

are decreased significantly.

Moreover, the improved result of voltage set-point control

shows that the flexibility of voltage set-point can improve

system reliability by solving the voltage regulation problem.

In other words, unreliable scenarios can happen due to voltage

drop in a system. Utilizing the fully optimized or voltage

set-point control methods of droop control can help improve

voltage regulation, specifically in long feeders, reducing the

number of unsupplied customers.

To conduct a comprehensive investigation into the enhance-

ment and consequential impact of adaptive droop control of

inverters on system reliability, a node-based reliability study

is provided. This study aids in elucidating the intricate aspects

of system improvement when employing the advanced control

methodology within the system.

Fig. 3 represents the node-based reliability indices to high-

light the vulnerable nodes and local customers of the system

and their effect on the system reliability. Also, Fig. 3 compares

the results for three case studies, including constant droop con-

trol, voltage set-point control, and adaptive control. Comparing

the voltage of the nodes (Fig. 3-(d)) shows that the adaptive

droop control improves the voltage profile at nodes 13 to 17,

which is a part of the longest feeder of the network.

The improvement of inadequacy at nodes 25 and 29 (Fig. 3-

(c) ) shows dependency on reactive power and voltage regu-
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Fig. 3. (a) Local SAIDI, (b) local SAIFI, (c) local EDNS, and (d) local average voltage for three inverter control approaches.

lation such that by unlocking the voltage set-point variable of

the control system, the reliability indices at these nodes are

reduced significantly. Moreover, utilizing the adaptive droop

gain in the control system can harness the maximum potential

of system reliability to supply the customers at nodes 29, 32,

and 33 (Fig. 3-(c)).

Integrating adaptive droop control in system adequacy for

IBRs allows for efficient power distribution and effective

management of network power. It also facilitates reactive

power and voltage regulation, which are key to minimizing

load curtailments and maintaining system reliability, especially

with the integration of variable renewable energy sources.

IV. CONCLUSION

This paper has introduced an innovative approach that

integrates adaptive droop control for inverter-based resources,

aiming to enhance the overall reliability of the power system.

By allowing for a variable droop control, this method em-

powers inverter-based resources to optimize their power out-

put, thereby effectively regulating voltage levels to serve the

maximum number of customers possible. An MILP problem

has been formulated, utilizing a linear AC-OPF framework in

conjunction with the adaptive droop gain concept, applied to

a modified IEEE 33-bus system.

The results and performance indices obtained through the

analysis serve as compelling evidence of the substantial pos-

itive impact of this adaptive control system for inverters on

the enhancement of system reliability. Moreover, a variable

voltage set-point control has determined that the unreliability

of the system is not just related to inadequate generation; the

voltage regulation problem can be one of the most important

reasons for system failures and unsupplied customers.
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