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Abstract—In recent years, alongside conventional generators,
the renewable energy based power systems consisting of wind and
solar farms, and the batteries with large capacities, termed as
Energy Storage Systems (ESS), have been increasingly installed
and operated for electric power generation. The uncertainties
in the generated power, due to the variability of wind speed or
solar radiation and the improper charging and discharging of
the batteries, greatly effects the proper operation as well as the
reliability of these power systems. Due to their huge cost as well
as the safety-critical nature of power generation, the reliability
analysis using sampling based simulation tools, such as Monte
Carlo approach, may not be an appropriate choice. In this paper,
we propose to use higher-order-logic theorem proving to conduct
an accurate reliability analysis of the power systems consisting
of conventional generators, the renewable energy sources and the
ESS. For this purpose, we formally verify the generic convolution
properties for n-discrete random variables and also formalize
the properties of Binomial random variables in the context of
power system. For illustration purposes, we present the reliability
analysis of IEEE 118-bus test system consisting of 11 conventional
generators, 1 wind/solar farm of 5 identical units, and 4 identical
ESS batteries.
Index Terms—Generators, Renewable Energy Sources, Energy
Storage Systems, Capacity Outage Probability Table, Reliability,
Theorem Proving.

I. I NTRODUCTION
Electricity has now become an integral element of human
culture and is essentially required in carrying out day-today activities around the world. Therefore, the methods of
electricity generation, transmission and retailing have been
continuously advancing in order to meet the consistent electricity demand supply. An uninterrupted electricity supply to
the consumer heavily depends upon the availability of the
electricity generation resources in a power plant. In modern
power systems, there have been several effective methods of
electricity generation, including conventional generators (CGs)
(hydro/thermal/oil), the Renewable Energy sources (RES),
consisting of wind and solar farms, and the batteries with
large capacities, termed as Energy Storage Systems (ESS) [1].
However, the uncertainties in the generated power, for instance, arisen from the variability of wind speed or solar
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radiation and the improper charging and discharging of the
batteries, greatly effect the proper operation as well as the
reliability of these modern power systems [2]. The failures in
these electricity generation power systems, in any case, usually
leads to huge financial losses to the electricity providers and
consequently to the industrial and domestic consumers [2].
To avoid such scenarios, the generation system’s reliability
analysis is typically carried out not only to mitigate the effect
of random failures but to facilitate the planning of future
capacity expansion by ensuring that the total installed capacity
is sufficient to provide adequate electricity when needed [3].
Since failure is a random phenomenon, the random variables
are generally used to construct a mathematical failure-repair
model of the power generation system capturing the failure
behavior of each sub-generation unit. This obtained failurerepair model is afterwards used to determine the overall
reliability of the power generation system. Finally, simulation
tools are generally utilized to generate a capacity outage
probability table (COPT) [4] in order to estimate the overall
capacity of the generation system based on the capacity and
availability of the individual units. To quantify the reliability of
power generation capacity versus consumer load, the reliability
indices, such as loss of load expectation (LOLE) [4] and the
loss of energy expectation (LOEE) [1] are extensively used.
These indices allow us to estimate the ability of the power
generation system to satisfy the total load demand within
acceptable risk levels.
Due to the huge financial cost of failure of these power
systems, the reliability analysis using simulation approaches
may not be an appropriate choice because they can produce
inaccurate results due to the involvement of numerical techniques, such as Monte Carlo approach, and pseudo random
variables. To overcome these limitations, we propose to use
higher-order-logic (HOL) theorem proving [5] to conduct an
accurate reliability analysis of the power systems consisting
of CGs, the RES and the ESS. The expressive HOL allows us
to capture the randomized failure characteristics of the given
power generation system. Moreover, HOL theorem proving
fundamentally utilizes logical reasoning to verify relationships
between a system and its properties as theorems, specified
in an appropriate logic, using a computer. In HOL theorem
proving, a theorem can only be verified either by applying
the basic axioms and primitive inference rules or any other
previously verified theorems/inference rules, which makes the
analysis results complete and sound.
It is not a straightforward to formally analyze the reliability
of a power system using HOL theorem proving as it requires
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the formalization of some foundational mathematical concepts.
This includes generic convolution properties of any n-discrete
random variables [6], which are essentially required to estimate the power generation output capacity of conventional
generators, and the properties of Binomial random variables
to capture the power outage behavior of RES composed of
n-units of wind and solar farms. Similarly, we also require
the notion of a single discrete random variable to model the
generation capacity outage characteristics of ESS since all the
batteries are mainly contribute to form a single energy source.
In this paper, we formalize all these foundational concepts
in HOL to facilitate the formal analysis of integrated power
generation systems.
From the above-mentioned reasoning support, we first formally verify the individual power capacity outage relationships
of individual generation units, such as CGs, RES and ESS, and
then utilize them to formally verify generic probability expressions governing the power outage capacity of the power plant
consisting of n-CGs, an n-ary wind/solar farm and ESS. Since
all the variables in these formally verified generic probability
expressions are universally quantified, they can be readily used
to analyze the reliability of any power system that is composed
of an arbitrary number of CGs, RES and ESS. For illustration,
we present the reliability analysis of IEEE 118-bus test system
consisting of 11 conventional generators, 1 wind/solar farm
of 5 identical units, and 4 identical ESS batteries [7]. One
drawback of the proposed approach is its interactive nature as
it requires extensive user guidance. So, in order to facilitate
the understanding for non-experts in formal methods, we
developed some Standard meta-language (SML) functions,
i.e., tactics power_plant_gen_res_ess_EVAL, that can
automatically simplify the reliability expressions of the power
plants and also compute the COPT and reliability indices.
The novel contributions in this paper are as follows:
•

•
•
•

•

•

Formally analyze the COPT of individual power generation units, such as conventional generators, renewable
energy sources and energy storage systems
Formally verify the convolution of n-discrete random
variables to analyze the outage capacity of n-CGs
Utilize Binomial random variables to analyze the power
outage capacity of n-array wind/solar farms
Formally verify a generic relationship that allows us to
analyze the power outage capacities of integrated power
generation sources
Formally analyze five different cases of a real-world
power generation system consisting of 11 CGs, 1
wind/photovoltaic (PV) solar farm of 5 identical units,
and 4 identical ESS batteries, to show the practical
effectiveness of our proposed approach
Develop an automatic simplifier, i.e., a HOL SML function, to numerically calculate the COPT values and
compare it with the corresponding values obtained from
Microsoft Excel

The rest of the paper is organized as follows: Section II
provides a brief survey of the literature available describing,
in detail, the reliability challenges related to the augmentation of different power generation sources in a power plant.
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Section III presents a brief overview of theorem proving and
the probability theory formalization to aid the understanding
of the readers for later sections. A brief overview of our
proposed methodology of conducting the formal reliability
analysis of any given power plant is described in Section IV.
A detailed formal probabilistic analysis of the different power
generation sources is first presented individually and then
a combined formal analysis of a power plant consisting of
conventional generators, RES and ESS is described in Section
V. An illustrative case study of IEEE 118-bus test system is
presented in Section VI and finally the paper is concluded in
Section VII.
II. R ELATED W ORK
Due to intermittent nature of RES and ESS, when they
become a part of traditional power grid system, maintaining
the desired level of reliability in resulting hybrid power grids
becomes quite challenging. Therefore, reliability analysis of
hybrid power generation system has been extensively studied
in the past few years. For instance, Jain et al. studied the
effect on reliability due to the inclusion of wind energy in
the power system [8]. Similarly, Ahadi et al. presented a
probabilistic analytical approach for reliability evaluation of
power systems with high penetration of wind and solar PV
renewable power generation [3]. Rohouma et al. analyzed
the optimization effect of different configurations of various
solar PV panels in a power system consisting of wind turbine
and batteries for providing a continuous load feeding [9]. A
similar work is conducted by Kekezoglu et al. performing
the reliability analysis of the hybrid power generation system
installed at Yildiz Technical University. The system includes
a wind turbine, PV panels, a hybrid charge regulator, a MPPT
charge controller, an inverter, battery group and loads [10].
The above-mentioned works mainly focused on the reliability analysis of either wind energy, or solar energy or
combined wind and solar energy based power system along
with traditional power generation sources. Recently, Kim et
al. conducted a detailed reliability analysis of a hybrid power
plant consisting of conventional generators, renewable energy
resources, i.e., wind or solar energy resources and energy
storage system (ESS), often referred to as large batteries,
for continue supply of power [7]. In this paper, we propose
to utilize the HOL theorem proving to conduct the accurate
reliability analysis of the hybrid power grid system, presented
in [7], as an accurate alternative to simulation techniques. To
the best of our knowledge this is the first work that tackles
the reliability assessment of an integrated power generation
system using the HOL theorem proving approach.
A number of formalizations of probability theory are available in higher-order logic (e.g. [11, 12, 13]). Hurd’s formalization of probability theory [11] has been utilized to
verify sampling algorithms of a number of commonly used
discrete [11] and continuous random variables [14] based
on their probabilistic and statistical properties. The recent
formalization of probability theory by Mhamdi et al. [12]
and Hölzl et al. [13] are based on extended real numbers
(including ±∞) and provide the formalization of Lebesgue
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integral for reasoning about advanced statistical properties.
Mhamdis’ probability theory formalization [12] on extendedreal numbers (real numbers including ±∞), has been recently
used to reason about the dependability analysis of a virtual data
center [15], satellite solar arrays [16] and failure analysis of an
air traffic management system [17], which involves multiple
Exponential random variables. In this paper, we utilize the
Mhamdis’ probability theory formalization [12] to conduct
the formal reliability analysis of an integrated power plant,
consisting of arbitrary number of CGs, RES and ESS.
III. P RELIMINARIES
In this section, we give a brief introduction to theorem
proving approach and the HOL theorem prover to facilitate
the understanding of the rest of the paper.
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TABLE I
HOL S YMBOLS AND F UNCTIONS
HOL Symbol
∧
∨
¬
::
++
HD L
TL L
EL n L
MEM a L
FST
SND
λx.t
{x|P(x)}
SUC n
(a, b)

Standard
Symbol
and
or
not
cons
append
head
tail
element
member
fst (a, b) = a
snd (a, b) = b
λx.t
{λx.P (x)}
n+1
axb

A. Theorem Proving
Theorem proving [18] is a widely used formal verification
technique. The system that needs to be analysed is mathematically modeled in an appropriate logic and the properties
of interest are verified using computer-based formal tools.
The use of formal logics as a modeling medium makes
theorem proving a very flexible verification technique as it is
possible to formally verify any system that can be described
mathematically. The core of theorem provers usually consists
of some well-known axioms and primitive inference rules.
Soundness is assured as every new theorem must be created
from these basic or already proved theorems and primitive
inference rules. The verification effort of a theorem in a
theorem prover varies from trivial to complex depending on
the underlying logic [19].
B. HOL Theorem Prover
HOL [5] is an interactive theorem prover, developed at the
University of Cambridge, UK, for conducting proofs in higherorder logic. It utilizes the simple type theory of Church [20]
along with Hindley-Milner polymorphism [21] to implement
higher-order logic. HOL has been successfully used as a
verification framework for both software and hardware as well
as a platform for the formalization of pure mathematics.
The HOL core consists of only 4 basic axioms and 8 primitive inference rules, which are implemented as functions in
ML (meta-language), which is a functional programming language essentially developed to perform mathematical/logical
reasoning [22]. The ML’s type system ensures that only valid
theorems can be constructed. Soundness is assured as every
new theorem must be verified by applying these basic axioms
and primitive inference rules or any other previously verified
theorems/inference rules.
In this paper, we utilize the HOL theories of Booleans, lists,
sets, positive integers, real numbers, measure, and probability [12]. In fact, one of the primary motivations of selecting
the HOL theorem prover for our work was to benefit from
these built-in mathematical theories. Table I provides the
mathematical interpretations of some frequently used HOL
symbols and functions, which are present in existing HOL
theories.

Meaning
Logical and
Logical or
Logical negation
Adds a new element to a list
Joins two lists together
Head element of list L
Tail of list L
nth element of list L
True if a is a member of list L
First component of a pair
Second component of a pair
Function that maps x to t(x)
Set of all x such that P (x)
Successor of a num
A mathematical pair of two elements

C. Probability Theory in HOL
Mathematically, a measure space is defined as a triple
(Ω, Σ, µ), where Ω is a set, called the sample space, Σ
represents a σ-algebra of subsets of Ω, where the subsets are
usually referred to as measurable sets, and µ is a measure with
domain Σ. A probability space is a measure space (Ω, Σ, Pr),
such that Ω represents the complete sample space, the Σ
describes the corresponding events space containing all the
events of interest and the measure P r referred to as the
probability measuring the sample space as 1. In HOL formalization of probability theory [12], given a probability space
p, the functions p_space, events and prob return the
corresponding Ω, Σ and P r, respectively. This formalization
also includes the formal verification of the commonly used
probability laws, which are essential in formal reasoning about
system properties.
A random variable is a measurable function between a
probability space and a measurable space. The measurable
functions belong to a special class of functions, which preserve
the property that the inverse image of each measurable set is
also measurable. A measurable space refers to a pair (S, A),
where S denotes a set and A represents a nonempty collection
of sub-sets of S. Now, if S is a set with finite elements,
then the corresponding random variable is termed as discrete
otherwise it is called continuous.
The probability mass function (PMF) is defined as the
probability of the event where a random variable X has a value
equal to some value t, i.e., P(X = t) [23]. This definition
characterizes the distribution of the discrete random variables
and can be been formalized in HOL as:
` ∀ p X t. Pmf p X t =
distribution p X {y | y = Normal (&t)}

The function Normal takes a real number as its input and
converts it to its corresponding value in the extended-real datatype, i.e, it is the real data-type with the inclusion of positive
and negative infinities. The operator & type-cast the numbers
to real datatype. The function distribution takes three
parameters: a probability space p, a random variable X : (α →
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extreal) and a set of extended-real numbers and returns the
probability of the given random variable X acquiring all the
values of the given set in probability space. From now on
for better readability, we would not use the function Normal
assuming that the random variables are functioning over the
set of extended-real numbers.
The notion of mutual independence of random variables is
essential for reasoning about the convolution of n-independent
random variables. It states that if N events are mutually
independent then
P r(

N
\
i=1

Ei ) =

N
Y

Transmission

Power
Generators

Solar Panels

House
Consumers

Transformers

Wind Farms
Industries
Energy Storage
System

P r(Ei )

(1)

i=1

Fig. 1. A Simplified View of an Integrated Power System

This concept has been formalized as follows [24]:
` ∀ p L.
mutual_indep p L = ∀ L1 n. PERM L L1 ∧
1 ≤ n ∧ n ≤ LENGTH L ⇒
prob p (inter_list p (TAKE n L1)) =
list_prod (list_prob p (TAKE n L1))

The function mutual_indep accepts a list of events L and
probability space p and returns T rue if the events in the given
list are mutually independent in the probability space p. The
predicate PERM ensures that its two list arguments form a
permutation of one another. The function LENGTH returns
the length of the given list. The function TAKE returns the
first n elements of its argument list as a list. The function
inter_list performs the intersection of all the sets in its
argument list of sets and returns the probability space if the
given list of sets is empty. The function list_prob takes
a list of events and returns a list of probabilities associated
with the events in the given list of events in the given probability space. Finally, the function list_prod recursively
multiplies all the elements in the given list of real numbers.
Using these functions, the function mutual_indep models
the mutual independence condition such that for any 1 or more
events n taken
of the given list L, the
TNfrom any permutation
QN
property P r( i=1 Ei ) = i=1 P r(Ei ) holds.
IV. M ETHODOLOGY
The prime responsibility of a typical power system is to
successfully deliver the electric power from the generation
units to consumers via transmission and distribution networks,
as shown in Figure 1. However, it is utmost important for a
power system to generate power upto its maximum capacity
in order to meet the demands of the consumers load. In this
section, we propose a methodology for the formal reliability
analysis of a power generation system, depicted in Figure 2,
that allows us to formally verify probabilistic capacity outage
expressions corresponding to the given formal specification
of a power plant. This methodology allows us to formally
determine the reliability indices of a given power plant, i.e.,
estimating the expected number of days (or hours) in the given
period in which the daily peak load (or hourly load) exceeds
the available capacity.
The first step in the proposed methodology is to formalize
the concepts of Forced Outage Rate and the probabilistic
capacity outage models of the given conventional generators,

solar/wind farms and energy storage system in the HOL theorem prover. The second step is to construct a formal integrated
model of these power generation resources by utilizing the
core HOL formalizations of probability mass function, ndiscrete events convolution and Binomial random variables.
The capacity outage property of a given power plant is then
described as a proof goal in higher-order logic. The user can
easily reason about the correctness of this proof goal using a
theorem prover by utilizing a rich library of formally verified
generic lemmas and theorems, which are represented by a
container in Figure 2. If the sub-goals are discharged then we
get formally verified capacity outage properties corresponding
to the given power generation system. Otherwise, we can use
the failing sub-goals to debug our formalizations of the model
and requirements or the originally specified model and requirements. The last step is to determine the reliability indices, such
as loss of load expectation (LOLE), by combining the capacity
outage probability table (COPT) and the load demand.
V. F ORMAL P ROBABILISTIC A NALYSIS OF THE P OWER
G ENERATION U NITS IN A P OWER P LANT
In this section, we first formally analyze, in details, the
probabilities of the individual generation units in a power
plant, such as CGs, RES and ESS using HOL theorem proving.
Then, we utilize the obtained results to formally verify the
capacity outage probability of a power plant that integrates
n-CGs, n-array solar or wind farms and large batteries. These
generic properties allow us to analyze the reliability of any
power plant in the context of generation capacity containing
arbitrary number of sub-power generation units. For that
purpose, we first present an important metric, namely Forced
Outage Rate (FOR) [4], which has been used to accurately
model the capacity outage behavior of the power generation
units in the subsequent subsections.
A. Force Outage Rate
The unavailability of a generation unit due to its component
failure is known as Force Outage Rate (FOR). It is typically
measured as a ratio of the number of hours that a unit is forced
out of service (Tdown ) divided by the sum of the total number
of hours that the unit is connected to the power system (Tup )
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Formal
Specification

Formal Probabilistic
Conventional Generator
Capacity Model
Probability Theory
Probability Mass
Function (PMF)
N-discrete Events
Convolution
Binomial Random
Variable

Formal Integrated
Capacity Outage
Probability Model

Formal Probabilistic
Solar/Wind Farm
Capacity Model

Formal Forced
Outage Rate
(FOR)

Probabilistic Energy
Storage System Capacity
Model

Proof Goal

Higher-order Logic

No
Theorem Prover

Property Verified
Yes
Formal Verified
Probabilistic
Capacity Outage
Properties

Capacity Outage
Probability Table (COPT)
Reliability Indices
<Loss of Load
Expectation (LOLE)>

Load Demad

Fig. 2. A Generic Methodology for Formal Probabilistic Outage Capacity Analysis of a Power Plant

plus the number of hours that the unit is forced out of service
(Tdown ). Mathematically, it can be expressed as:
P

F OR = P

Tdown
λ
P
=
Tup + Tdown
µ+λ
µ
λ+µ
λ
=
µ+λ

F ORup =
F ORdown

(2)

(3)
(4)

where λ and µ represents the generation unit failure and repair
rates, respectively. Similarly, F ORup and F ORdown are the
probabilities of the generating unit in up and in down states,
respectively. We can formalize Eq. 3 in HOL as:
Definition V.1. ` ∀ p X m.
FOR_up p X m =
∀t. Pmf p X t = 1 - steady_state_avail m
where the predicate FOR_up ensures that for every instance of time t, the PMF of the random variable corresponds to the steady state unavailability. The function
steady_state_avail is defined on a pair (λ, µ) in [16]:
Definition V.2. ` ∀m.
steady_state_avail m =

SND m
FST m + SND m

The HOL functions FST and SND returns the first and the
second element of the pair, respectively, as described in
Table I.
Similarly, we can easily formalize Eq. 4 by taking the
complement of PMF, described in Definition 1, with respect
to the probability space p.

B. Conventional Generators
For reliability analysis purpose, a conventional generator is
typically represented by a two-state failure-repair model [3],
as shown in Fig 3, assuming that the failures in the generators
are repairable. If we consider that λ and µ are mean failure
and repair rates for up and down states of an ith conventional
generator, respectively, then its FOR can be expressed mathematically as [3]:

λ, Failure Rate

Unit UP
State 0

Unit Down
State 1
µ, Repair Rate

Fig. 3. A Two-state Model for a Conventional Generator
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F ORiCG =

6

λCG
i
CG
λi + µCG
i

Theorem V.1. ` ∀ p X1 X2 z n.
(5)

If we assign a discrete random variable to model the working and failure states of the ith conventional generator then the
corresponding output probability mass function (PMF) can be
expressed as:
(
fiCG (x) = 1 − F ORiCG if x = PiCG
(6)
if x = 0
= F ORiCG
where PiCG is the output power of the ith conventional
generator.
We can formally define Eq. 6 in HOL as:
Definition V.3. ` p X m C.
FOR_avail p X m C =
∀t.
if 0 6= t ∧ (t = &C) then FOR_up p X m
else if t = 0 then 1 - FOR_up p X m
else distr p X {t} = 0
where the HOL function distr takes a probability space p,
a random variable X and an arbitrary set and returns the
probability distribution.
The cumulative PMF modeling the operational behavior of
n-CGs can be obtained from the convolution of n-independent
discrete random variables as:
f CG (X CG ) = f1CG ∗ f2CG ∗ · · · ∗ fnCG
n
X
where X CG = 0, 1, · · · ,
PiCG

(7)

i=1

1) Convolution of Discrete Random Variables: In order to
formally verify Eq. 7, we essentially require to embed the
notion of convolution of n-discrete random variables in HOL.
We start by formalizing the convolution of two discrete random
variables, say X1 and X2 , as follows:
fz (Z) =

n−1
X

fX1 (z − i)fX2 (i)

(8)

i=0

In the above equation, the random variable Z corresponds
to the union of disjoint events modeling the convolution of
two random variables X1 and X2. This event can be formally
defined in HOL as:
Definition V.4. ` ∀ p X1 X2 n z.
union_pair_disj_events p X1 X2 n z =
S
n−1
i=0 (PREIMAGE X1 {(z - &i)} ∩
PREIMAGE X2 {(&i)} ∩ p_space p)
The HOL function PREIMAGE takes an arbitrary function, say
f , and its range set S and returns the corresponding domain
set, which is mathematically represented as f −1 (S). In the
above definition, it is used to return the corresponding events
associated with the random variables X1 and X2 functioning
on the discrete sets of extended-real numbers {(z - &i)}
and {(&i)}, respectively. This models the conventional event
notation of form (X ∈ x) in HOL.
By using Definition V.4, we can formally verify Eq. 8 in
HOL as follows:

(A1): prob_space p ∧
(A2): (∀i. pair_disj_events p X1 X2 i z ∈
events p ∧
(A3): indep p (PREIMAGE X1 {(&x)})
(PREIMAGE X2 {(z - &x)})) ∧
(A4): (∀ a b. b 6= a ⇒
DISJOINT (pair_disj_events p X1 X2 a z)
(pair_disj_events p X Y b z)) ⇒
(prob p
p X1 X2 n z) =
P(union_pair_disj_events
n−1
i=0 (prob p (PREIMAGE X1 {(z - &i)})*
prob p (PREIMAGE X2 {(&i)})))

The function pair_disj_events represents the disjoint
events (PREIMAGE X1 {(z - &i)} ∩ PREIMAGE X2
{(&i)}) as described in Definition V.4. The first assumption
(A1) ensures that p is a valid probability space [12]. The next
assumption (A2) makes sure that the events corresponding to
the random variables X1 and X2 belong to the events space
p. The predicate indep in assumption (A3) makes sure that
the events constituted by the random variables X1 and X2
are independent. The last assumption (A4) guarantees that any
distinct pair of disjoint events are also disjoint. The conclusion
of Theorem V.1 models Eq. 8. The proof of Theorem V.1
is inferred from the fundamental property of disjoint events
satisfying the relation Pr(A ∪ B) = Pr(A) + Pr(B).
Several algorithms have been developed to determine the
PMF of the convolution of n-discrete random variables [25, 6].
For instance, Jolayemi [25] developed approximations to the
convolution of independent Binomial random variables given
the sample sizes are equal. Woodward et al. described an algorithm to drive the exact expressions for the density function of
the convolution of independent discrete random variables and
compared their computational efficiency [6]. In our work, we
use the Woodward’s algorithm, which recursively substitutes
Eq. 8 to obtain the density of the n-random variables as:

fz (Z) =

n−1
X
x2 =0

fX1 (z − x2 )

 n−1
X

fX2 (x2 − x3 )

x3 =0

∗

 n−1
X


fX3 (x3 − x4 )fX4 (x4 )

x4 =0
n−1
X

···

fXn−1 (xn−1 − xn )fXn (xn )

xn =0

(9)

In order to formalize the above equation, we extend Definition V.4 to formally define the event representing the
convolution of n-discrete random variables in HOL as follows:
Definition V.5. ` (∀z p n.
union_pair_disj_events p [] n z = Ωp ) ∧
(∀z p n h.
union_pair_disj_events p [h] n z =
PREIMAGE h {(&z)}) ∧
(∀z h’ t p n h.
union_pair_disj_events
p (h::h’::t) n z =
Sn−1
i=0 PREIMAGE h {(&z - &i)} ∩
union_pair_disj_events p (h’::t) n i)))

The above definition has three cases: (i) Case I, if the
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random variable list is empty ([]), then the function
union_pair_disj_events returns the probability space
represented as Ωp ; Case II, if the list contains one element/random variable ([h]), then it returns the event of a single
discrete random variable; Case III, if the given random variable
list is non-empty with more than one element, i.e., n, then the
function returns the event representing the convolution of ndiscrete random variables modeling the pattern described in
Eq. 9.
Using Definition V.5, we can formally verify Eq. 9 in HOL
as follows:
Theorem V.2. ` ∀p P1 Q1 n z L.
(A1): prob_space p ∧
(A2): (∀z x. z < n ∧ x < n ∧
(∀X. MEM X L ⇒
PREIMAGE X {&(z - x)} ∈ events p ∧
∀Y. MEM Y L ⇒
PREIMAGE Y {(&x)} ∈ events p) ∧
(A3): mutual_indep_disj_pair_events p n P1
Q1 L ⇒
(prob p (union_pair_disj_events p L n z) =
nsum_pair_disj_events p L n z)

The assumptions in the above theorem are similar
to the ones used in Theorem V.1. The predicate
mutual_indep_disj_pair_events
ensures
that
all the disjoint events resulting during the convolution
process are mutually independent. The function
nsum_pair_disj_events is defined, similar to
Definition V.5, in order to formally model Eq. 7, in
HOL as follows:
Definition V.6. ` (∀z p n.
nsum_pair_disj_events p [] n z = 1) ∧
(∀z p n h.
nsum_pair_disj_events p [h] n z =
prob p (PREIMAGE h {(&z)})) ∧
(∀ z h’ t p n h.
nsum_pair_disj_events
p (h::h’::t) n z =
Pn−1
i=0 prob p (PREIMAGE h {(&z - &i)}) *
nsum_pair_disj_events p (h’::t) n i))
2) Capacity Outage Probability Table: Using the abovementioned formalization, we can formally determine the probability of different outage capacities of arbitrary number of
CGs. Let us consider two conventional generators CG1 and
CG2 with both having the same power generation capacity.
Their corresponding COPT describing the probability of different outage capacities is shown in Table II. The symbols C,
A, and U represent the capacity, steady-state availability and
steady-state unavailability of these CGs, respectively.
TABLE II
COPT FOR T WO I DENTICAL C ONVENTIONAL G ENERATORS
Units
CG1
CG1
CG2
CG1

& CG2 working
working only
working only
& CG2 not working

Outage Capacity

Probability

0
C
C
2C

A2
A∗U
U ∗A
U2

Using Definition V.4, we can formally define an event
describing the capacity outage of CG1 and CG2 as:

Definition V.7. ` ∀ p X1 X2 n z.
2_CGs_out_cap_event p X1 X2 n z =
union_pair_disj_events p X1 X2 n z

where the variable z specifies the event at which probability of
the outage capacity of CG1 and CG2 is desired. For instance,
we specify z = 0 to formally determine the COPT entry, in
Table II, when both CGs are in-service in HOL as:
Theorem V.3. ` ∀C p X Y m.
(A1): prob_space p ∧ 0 < C ∧
(A2): FOR_avail p X m C ∧ FOR_avail p Y m C ∧
(A3): (∀x.
pair_disj_events p X Y x 0 ∈ events p ∧
indep p (PREIMAGE X {(&x)})
(PREIMAGE Y {(¬&x)})) ∧
(A4): (∀a b. b 6= a ⇒
DISJOINT (pair_disj_events p X Y a 0)
(pair_disj_events p X Y b 0)) ⇒
(prob p (2_CGs_out_cap_event p X Y C 0) =
steady_state_avail m * steady_state_avail m)

Similarly, the COPT entries, in Table II, with CG1 or CG2
out-of-service can be formally verified in HOL as:
Theorem V.4. ` ∀C1 C2 p X Y m n.
(A1): prob_space p ∧ 0 < C1 ∧ 0 < C2 ∧
C1 ≤ C2 ∧ C2 < n ∧
(A2): FOR_avail p X m C1 ∧
FOR_avail p Y m C2 ∧
(A3): (∀x.
pair_disj_events p X Y x &C1 ∈ events p ∧
indep p (PREIMAGE X {(&x)})
(PREIMAGE Y {(&C1 - &x)})) ∧
(A4): (∀a b. b 6= a ⇒
DISJOINT (pair_disj_events p X Y a &C1)
(pair_disj_events p X Y b &C1)) ⇒
(prob p
(2_CGs_out_cap_event p X Y n &C1) =
(1 - steady_state_avail m) *
steady_state_avail m)

Theorem V.5. ` ∀C1 C2 p X Y m n.
(A1): prob_space p ∧ 0 < C1 ∧ 0 < C2 ∧
C1 ≤ C2 ∧ C2 < n ∧
(A2): FOR_avail p X m C1 ∧
FOR_avail p Y m C2 ∧
(A3): (∀x.
pair_disj_events p X Y x &C2 ∈ events p ∧
indep p (PREIMAGE X {(&x)})
(PREIMAGE Y {(&C2 - &x)})) ∧
(A4): (∀a b. b 6= a ⇒
DISJOINT (pair_disj_events p X Y a &C2)
(pair_disj_events p X Y b &C2)) ⇒
(prob p
(2_CGs_out_cap_event p X Y n &C2) =
(steady_state_avail m *
(1 - steady_state_avail m))

Lastly, when both CG1 and CG2 are out-of-service then the
corresponding COPT entry, in Table II, can be formalized in
HOL as:
Theorem V.6. ` ∀C p X Y m n.
(A1): prob_space p ∧ 0 < C ∧ 2 * C < n ∧
(A2): FOR_avail p X m C ∧ FOR_avail p Y m C ∧
(A3): (∀x.
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pair_disj_events p X Y x (&(2*C)) ∈
events p ∧
indep p (PREIMAGE X {(&x)})
(PREIMAGE Y {(&(2*C) - &x)})) ∧
(A4): (∀a b. b 6= a ⇒
DISJOINT (pair_disj_events p X Y a (&(2*C)))
(pair_disj_events p X Y b (&(2*C)))) ⇒
(prob p
(2_CGs_out_cap_event p X Y n (&(2*C))) =
(1 - steady_state_avail m) *
(1 - steady_state_avail m))
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a wind farm/PV system consisting of N identical units then
their failure and repair rates are also identical. The state model
of RES is a derated-state model [7], which consists of (N+1)
states representing N units up (State 1) to zero unit up (State
N+1), as shown in Fig. 4.
N λ,
Failure Rate

N Up

Down
State

Up State
Nµ

µ, Repair Rate
State 1

We can also formally verify generic results for n-CGs inservice providing full capacity in HOL as:

λ

N-1 Up
State 1

State N + 1

State N

Fig. 4. Derated state model of RES

Definition V.8. ` ∀ p L n z.
n_CGs_out_cap_event p L n z =
union_pair_disj_events p (rv_list L) n z

Theorem V.7. ` ∀p n L P Q.
(A1): prob_space p ∧
(A2): (∀z x. z < n ∧ 0 < n ∧ z < x ∧
(∀X. MEM X (rv_list L) ⇒
PREIMAGE X {(¬&x)} ∈ events p) ∧
∀Y. MEM Y (rv_list L) ⇒
PREIMAGE Y {(&x)} ∈ events p) ∧
(A3): mutual_indep_disj_pair_events p n P Q
(rv_list L) ∧
(A4): pred_FOR_avail p L ⇒
(prob p (n_CGs_out_cap_event p L n 0) =
steady_state_avail_prod (fail_rep_list L))

The assumptions (A1-A3) are similar to the ones
used in Theorem V.1. The functions rv_list and
fail_repair_list are formally defined to extract
the random variables and failure and repair rates from
the list of pairs L, respectively. For instance, rv_list
[(X1,(λ1 ,µ1 ));(X2,(λ2 ,µ2 ))] returns [X1; X2] while
fail_rep_list [(X1,(λ1 ,µ1 ));(X2,(λ2 ,µ2 ))]
returns
[(λ1 ,µ1 );(λ2 ,µ2 )].
The
predicate
pred_FOR_avail, in assumption (A4), maps the function
FOR_avail (Definition V.3) on each element of the given
list L, as described in Eq. 6.
The proofs of above theorems are primarily based on two
fundamental properties of probability theory: (i) mutually
exclusivity, which states that if the events are disjoint in a
given probability space then the probability of their union can
be expressed as sum of their individual probabilities [23],
(ii) mutual independence stating that if a set of n events
are independent then their subsets are also independent in
probability [23]. The proof scripts of these theorems took
about 900 lines of HOL code and 75 man-hours and can be
found in [26].
C. Renewable Energy Resources
To generate a significant amount of output power, generally
large sized RES, such as wind farm and solar/PV system, are
configured having a large number of individual units at the
same location. Each of these units are identical and follow
the same output characteristic. This identical characteristic
of units considerably simplifies the reliability modeling of
overall wind farm/PV system. For instance, if we consider

For the (N+1)-drated states of RES, as stated above, the
PMF of wind farm/PV system can be naturally determined by
using Binomial distribution as [7]:

ftRES =

 RES 
N
x

x
RES

(1 − F ORRES ) Pt

F OR

N RES −(

x
PtRES

)

PtRES

x = N PtRES , N = 0, 1, · · · N RES

(10)
where N is the number of units, N RES is the total number
of RES in the wind farm/PV system and F ORRES represents
the FOR of individual RES.
In order to formally verify Eq. 10, the notion of Binomial
random variable has been formalized in HOL as [27]:
Definition V.9. ` ∀X p k n.
RES_binomial_event
X p k n =
S
(λi. PREIMAGE X {(&i)} ∩ p_space p)
{x | k ≤ x ∩ x < SUC n}))

The function RES_binomial_event accepts a probability
space p, a Binomial random variable X, and two variables,
k and n, which represent the number of successes and total
number of trials, respectively. It then returns the union of the
corresponding events that are associated with the Binomial
random variable X, which takes values from the set {x | k ≤
x ∩ x < SUC n}.
Using Definition V.9, we formally verify the probability
outage capacity of RES consisting of n-identical units, given
in Eq. 10, in HOL as:
Theorem V.8. ` ∀p p’ k n r X_bino X_RES.
(A1): prob_space p ∧ k < SUC n ∧
(A2): in_events_RES p X_RES n ∧
(A3): (∀i.
RES_bino_rv p p’ X_bino X_RES n i) ∧
(A4): FOR_avail p’ (FST X_RES) (SND X_RES) ⇒
(prob p
(RES_binomial_event X_bino p k n) =
Pn+1−k
(λi. &binomial n i *
k
steady_state_avail (SND X_RES)i *
(1 steady_state_avail (SND X_RES))(n - i) ))

The in_events_RES ensures that the events associated with
X RES belongs to the events space p. The assumptions
are similar to the ones described in Theorem V.2 and the
conclusion models Eq. 10. The proof of Theorem V.8 is
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based on the properties of binomail random variable and some
fundamental probability axioms and inference rules [26].
D. Energy Storage System
The introduction of ESS in the power system is greatly
helpful in responding the intermittent characteristic of RES
and loss of load situations. Unlike, the conventional generator,
the output rated power of the ESS increases as the state of
the charge (SOC) of the batteries increases [7], as shown in
Fig 5. Therefore, the generation ability of ESS in the UP
state is time-varying dependent on the SOC level compared to
the conventional generators, which use a fixed one P iCG for
reliability evaluation. Assuming that the failure and repair rates
of ESS are constant and do not depend on the degradation,
PMF of ESS is typically expressed very similar to the PMF
of the single conventional generator except it is a time varying
capacity [7].

Down
0

Fig. 5. State model of ESS

ftESS (x)

= 1 − F ORtESS if x = VtESS
if x = 0
= F ORtESS

(X) = f CG ∗ ftRES ∗ ftESS
n
X
X = 0, 1, · · · , (N RES PtRES +
PiCG + VtESS )

(12)

i=1

The combined event representing the capacity outage probability of the power plant is defined in HOL as:
Definition V.11. ` ∀p r k n n’ z X L1 L2.
power_plant_event p r k n’ n z X L1 L2 =
ESS_disc_event p r L1 ∩
RES_binomial_event X p k n’ ∩
n_CGs_out_cap_event p L2 n z

Definition V.12. ` ∀p p’ k n X_bino L1 L2 X_RES P

µESS

(

(power plant)

ft

By using the above definition and the formalization procedure described in the previous sections, we formally verify
Eq. 12 in HOL as:

λESS

UP
VtESS

level assuming that the failures of individual generating units
are independent events [4]. The power plant COPT can be
obtained by utilizing the PMFs of the conventional generators,
RES and ESS, given in Eqs. (5-11), with respect to their
generating capacity as [7]:

(11)

The above equation can be considered as the case when only
one conventional generator is connected in the power system.
So, the formalization process of Eq.11 can be easily inferred
from the formalization procedure described for conventional
generators. For the purpose of generality, we formally define
ESS discrete event as the intersection of n-discrete events as:
Definition V.10. ` ∀p r L.
ESS_disc_event p r L =
big_inter p (disc_event_list p r L)

The above definition models Eq. 11 when the list L contains
only one element.
Theorem V.9. ` ∀p L r.
(prob p (ESS_disc_event p r L)) =
list_prod (steady_state_avail_list
(Lf ail_rep(L) )))

The proof of Theorem V.9 is primarily based on the mutual
independence property of discrete events, which can be easily
implied from assumption (A3).
E. Reliability Assessment of the Integrated Power Plant Generation Units
To analyze the reliability of an integrated power plant
consisting of conventional generators, RES and ESS, it is
necessary to evaluate the hybrid COPT. This table provides
the probability of occurrence for each possible capacity outage

Q.
(A1): prob_space p ∧
¬NULL L1 ∧ ¬NULL L2 ∧
(A2): in_events p
(binomial_dist_event X_bino p k n::
disc_event_list p 0 (rv_list L1)) ∧
(A3): in_events_conv_gen_events p L2 ∧
(A4): (k < SUC n) ∧
(A5): in_events_RES p X_RES n ∧
(A6): (∀i.
RES_bino_rv p p’ X_bino X_RES n i) ∧
(A7): FOR_avail p’ (FST X_RES) (SND X_RES) ∧
(A8): pred_FOR_avail p (L1 ++ L2) ∧
(A9): mutual_indep_combined_events p n P Q
(rv_list L2)
(binomial_dist_event X_bino p k n::
disc_event_list p 0 (rv_list L1)) ⇒
P
(p, 0, k, n0 , n, 0, Xbino , L1, L2) =
power_plant_event
Q
(steady_state_avail_list (Lf ail_rep(L1))) *
Pn+1−k
(λi. &binomial n i *
k
steady_state_avail (SND X_RES)i *
(1 steady_state_avail (SND X_RES))(n-i) )) *
steady_state_avail_prod (Lf ail_rep(L2) )

The assumptions are similar to the ones used in Theorems V.1V.9 and the conclusion models Eq. 12. We used the math
form just to clearly present the statement of Theorem 6.
The above theorem is formally verified from straightforward
utilization of Theorems V.1-V.9 and some fundamental axioms
of probability theory. The proof scripts of Theorems V.1-V.12,
presented in Section V, took about 1500 lines of HOL code
and 125 man-hours that can be found in [26].
The COPT of the power plant, usually obtained from Eq. 12,
is then combined with the daily peak loads (or hourly values)
to obtain the expected number of days (or hours) in the given
period in which the daily peak load (or hourly load) exceeds
the available capacity. The reliability index particularly desig-
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(XCG11 ,λ11 ,µ11 ); (XP V ,λP V ,µP V );
(XW F ,λW F ,µW F )] ⇒
(prob p (n_CGs_out_cap_event p
([(XCG1 ,λ1 ,µ1 );(XCG2 ,λ2 ,µ2 );· · · ;
(XCG11 ,λ11 ,µ11 )]) n 0 ∩
(RES_binomial_event X_bino p 2 2)) =
(steady_state_avail_prod
(fail_rep_list
[(XCG1 ,λ1 ,µ1 );(XCG2 ,λ2 ,µ2 );· · · ;
(XCG11 ,λ11 ,µ11 )])) *
steady_state_avail (λP V ,µP V ) pow 2)

TABLE III
T ECHNICAL DATA FOR G ENERATION U NITS
Unit
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Pmax
(MW)

FOR

MTTF (hrs)

MTTR(hrs)

Unit Type

10
10
35
42
25
20
30
10
10
8
5
3
2
-

0.013
0.013
0.08
0.12
0.02
0.04
0.04
0.05
0.02
0.02
0.1
0.1
0.1
-

3.47 x 10−5
3.47 x 10−5
1150
1100
1960
1200
960
950
2940
2940
450
450
450
1000

4.5 x 10−7
4.5 x 10−7
100
150
40
50
40
50
60
60
50
50
50
50

PV
Wind
Coal/Steam
Nuclear
Coal/Steam
Oil/Steam
Coal/Steam
Oil/Steam
Oil/Steam
Oil/Steam
Oil/CT
Oil/CT
Oil/CT
ESS

Case III: When all the 11 conventional generators, 1
PV/wind farm and 4 ESS are working:
Theorem VI.3. ` ∀p n L P Q.

nated for this purpose is known as the loss of load expectation
(LOLE):
LOLE =

n
X

fipower

plant

(Ci − Li )

(13)

i=1

where n is number of days or hours of period under scope, Ci
is the available capacity on the day or hour i, Li is forecasted
(power plant)
peak load on day or hour i, fi
(Ci − Li ) is the
cumulative probability of loss of load on a day or hour i,
which is obtained from COPT.
To illustrate the utility of our proposed formalization, we
present the reliability analysis of IEEE 118-bus test system [7],
in the next section.
VI. A PPLICATION : IEEE 118- BUS T EST S YSTEM
The IEEE 118-bus test system has been widely used for
research purposes mainly due to the availability of standard
public data, which is essentially required to test new algorithms, technologies, and control schemes. In this work, we
analyze the reliability of IEEE 118-bus test system consisting
of 11 conventional generators, 1 wind/PV farm, and 4 identical
ESS batteries [7]. Their details are tabulated in Table III that
are mainly taken from [7, 28].
Now, we describe different COPT entries and the HOL
formalization of only first and last COPT entries for illustration
purposes.
Case I: When all the 11 CGs are working or in-service,
then the COPT can be formally estimated in HOL as follows:
Theorem VI.1. `
pred_FOR_avail p
[(XCG1 ,λ1 ,µ1 );(XCG2 ,λ2 ,µ2 );· · · ;
(XCG11 ,λ11 ,µ11 )] ⇒
(prob p (n_CGs_out_cap_event p
([(XCG1 ,λ1 ,µ1 );(XCG2 ,λ2 ,µ2 );· · · ;
(XCG11 ,λ11 ,µ11 )]) n 0) =
steady_state_avail_prod (fail_rep_list
[(XCG1 ,λ1 ,µ1 );(XCG2 ,λ2 ,µ2 );· · · ;
(XCG11 ,λ11 ,µ11 )]))

Case II: When all the 11 CGs and 1 PV/wind farm having
2 generation units are in-service:
Theorem VI.2. ` pred_FOR_avail p
[(XCG1 ,λ1 ,µ1 );(XCG2 ,λ2 ,µ2 );· · · ;

pred_FOR_avail p
[(XG1 ,λ1 ,µ1 );(XG2 ,λ2 ,µ2 );· · · ;
(XG11 ,λ11 ,µ11 ); (XP V ,λP V ,µP V );
(XW F ,λW F ,µW F ); (XESS ,λESS ,µESS )] ⇒
(Ppower_plant_event (p, 0, 2, 2, n, 0, Xbino , [XESS ],
[(XG1 , λ1 , µ1 ); (XG2 , λ2 , µ2 ); · · · ; (XG11 , λ11 , µ11 )]) =
(steady_state_avail_prod
(fail_rep_list
[(XCG1 ,λ1 ,µ1 );(XCG2 ,λ2 ,µ2 );· · · ;
(XCG11 ,λ11 ,µ11 )]) *
steady_state_avail (λP V ,µP V ) pow 2 *
steady_state_avail (λESS ,µESS ))

Case IV: When one of the conventional generators, say
CG1, is in the failure state or out-of-service while the other
generation units are in-service as in Case III:
Theorem VI.4. ` ∀p n L P Q.
pred_FOR_avail p
[(XG1 ,λ1 ,µ1 );(XG2 ,λ2 ,µ2 );· · · ;
(XG11 ,λ11 ,µ11 ); (XP V ,λP V ,µP V );
(XW F ,λW F ,µW F ); (XESS ,λESS ,µESS )] ⇒
(Ppower_plant_event (p, 0, 2, 2, n, C1, Xbino , [XESS ],
[(XG1 , λ1 , µ1 ); (XG2 , λ2 , µ2 ); · · · ; (XG11 , λ11 , µ11 )]) =
(steady_state_avail_prod
(fail_rep_list
[(XCG2 ,λ2 ,µ2 );· · · ;(XCG11 ,λ11 ,µ11 )])) *
(1 - steady_state_avail (λCG1 ,µCG1 ) *
steady_state_avail (λP V ,µP V ) pow 2
steady_state_avail (λESS ,µESS ))

Case V: When all the power generation sources are outof-service, i.e., all the 11 CGs, 1 wind/PV farm and 4 ESS
run out of capacity:
Theorem VI.5. ` ∀p n L P Q.
pred_FOR_avail p
[(XG1 ,λ1 ,µ1 );(XG2 ,λ2 ,µ2 );· · · ;
(XG11 ,λ11 ,µ11 ); (XP V ,λP V ,µP V );
(XW F ,λW F ,µW F ); (XESS ,λESS ,µESS )] ⇒
(Ppower_plant_event (p, CESS , 0, 2, n, 11 ∗ CCGs , Xbino , [XESS ],
[(XG1 , λ1 , µ1 ); (XG2 , λ2 , µ2 ); · · · ; (XG11 , λ11 , µ11 )]) =
(steady_state_unavail_prod
(fail_rep_list
[(XCG2 ,λ2 ,µ2 );· · · ;
(XCG11 ,λ11 ,µ11 )]) 11) *
steady_state_unavail (λP V ,µP V ) pow 2 *
steady_state_unavail (λESS ,µESS ))

From the data in Table III and cumulative PMF of
the power plant verified in Theorems VI.1 VI.5, we can

PREPRINT FOR IEEE SYSTEM JOURNAL

11

generate a COPT for different outage capacities. For this
purpose, we develop an automatic simplification function
power_plant_gen_res_ess_EVAL using standard ML
(SML) programming language that allows us to evaluate
Theorems VI.1 VI.5 based on the IEEE 118-bus test details,
presented in Table III. In this way, we can easily generate a detailed COPT describing different outage capacities
for IEEE 118-bus test system. Given the load profile of a
month/year, this generated COPT can be used to estimate
the LOLE index, given in Eq. 13, when the generated capacity of the power plant is less than the demand of the
load. To analyze the accuracy of our proposed approach,
we evaluate the Cases I-V using the HOL SML function power_plant_gen_res_ess_EVAL and compared
it with the values obtained using Microsoft Excel that are
represented by a histogram plot in Figure 6. It can be observed
that the values obtained from both these approaches are
approximately equivalent, while the ones from the proposed
approach being more accurate due to the inherent soundness
of the underlying analysis method.

Case I

Case II

Case III

4.85x10-20 4.94x10

-20

0.0389

0.0392

0.44816472

0.4513327592

0.471752

0.4738993972

0.486343

Microsoft Excel

0.486342

Outage Capacity Probability

HOL SML

Case IV

Case V

Fig. 6. COPT Computation Comparison between HOL SML and Microsoft
Excel

The benefits of our proposed HOL-based approach are twofold. Firstly, due to involvement of sound theorem proving approach, the PMF of a given power plant, which is based on the
individual power generation units, can be formally verified accompanying all the necessary conditions. Secondly, using the
HOL SML function power_plant_gen_res_ess_EVAL,
we can obtain the COPT of the given power plant within
the HOL theorem proving environment almost automatically,
which makes the proposed approach quite practical for the
industrial setting.
VII. C ONCLUSION
As the demand of electricity generation has been increasing
continuously around the world, the inclusion of RES and ESS
alongside CGs, in a power plant, provide viable solutions
to meet the capacity demand. However, it also incorporates
many reliability challenges due to the randomized nature
of RES and ESS. Therefore, in this work, we proposed an
accurate alternative approach that can formally analyze the
reliability behaviour of any given power plant that consists of

an arbitrary number of CGs, RES and ESS. We illustrated,
the effectiveness of our proposed approach by analyzing the
reliability of IEEE 118-bus test system and also developed
an automatic simplification ML function that can numerically
compute the COPT, which can be used to calculate LOLE
from the given load profile.
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