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A B S T R A C T

Electric vehicles suppose a new paradigm in mobility and a challenge for today electric grids because its
number increases day by day. Therefore, it is of paramount importance to keep the electric grid stable to
allow an efficient charging of electric vehicles, besides keeping the traditional energy services for every other
electric devices in industry, cities and homes. To achieve that, the process of charging and discharging of
electric vehicles should be taken under consideration to allow an efficient use of the available energy in the grid
and batteries. As a consequence, new intelligent control systems have to be developed because uncontrolled
charging of electric vehicles can not only cause grid instability, but at certain times of day can be a significant
cost to the user. It is therefore important not only to make intelligent control, but also to take advantage of
the charging/discharging capacity of electric vehicles and charging stations, so that not only the grid can be
stabilized, but also the cost of electric vehicle charging can be significantly reduced. In the present work, we
propose a type-II fuzzy cascade controller that will be run in every electric vehicle following a decentralized
approach when it is plugged. In the first level of the controller the need and urgency of charging/discharging
are evaluated based on grid voltage that the EV charging station measures. The electricity prices are also
considered in this first phase. In the second level, the amount of charging/discharging energy is finally decided
based on the battery state and the time remaining for departure specified by the user. The implemented type-II
fuzzy controller presents an significant advantage compares to type-I systems because of its better suitability
for systems where measures have high levels of uncertainty like those existing in the electric grid or batteries.
The controller has been tested on a branch type distribution network, where load demand and energy cost
vary dynamically over a three days simulation period. Finally, the results obtained have been compared with
other fuzzy controllers proposed in other articles, where similar parameters are taken into account, showing
the proposed system a better behavior that those controllers.
1. Introduction

At the present, governments are increasingly investing on Electric
Vehicles (EVs) as a viable alternative for the replacement of combustion
engine vehicles. Behind this action lies the fact that EVs do not produce
pollutant gases such CO2, CO, NO𝑥, SO𝑥, which are recognized as
harmful for the environment and for the population’s health as stated
in [1]. However, integrating a relevant number of EVs into the grid
presents some challenges to solve since it could induce a significant
stress on the power systems. This fact was studied in [2], which reflects
an expected increase of the EV penetration rate of 15.98% in the
European Union in the year 2050, incurring in a raise of 90 TWh on the
annual production of electricity on the period 2030–2050. As observed
in [3], this could cause overloads in the transformers or relevant power
losses. In the particular case of Portugal, it is estimated that a 10%
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penetration of EVs causes an important voltage drop [4]. The negative
consequences on the grid are expected to be even more severe because
of the simultaneity of the charging: consumers tend to have a fixed
pattern when charging EVs, which usually occur when they return from
work in a common period of time. This behavior increases the peak
demand, which accentuates the stress problem on the electrical system.

In this current context towards a sustainable use of the energy
resources, it is become critical the development of algorithms which
could manage the energy assets efficiently, preventing overloads in the
power system while avoiding unnecessary investment on the electrical
infrastructure [5]. This requirement is also applicable to EVs so that
advanced scheduling algorithms for EVs should benefit from the fact
that their charging is flexible. This implies that the charging periods
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can be planned for a future if that is convenient for the grid or for
the user, being not mandatory an immediate plug-and-charge strat-
egy. For instance, the charging of the EVs could help to regulate the
discontinuous power supplied by renewable energy sources by acting
as energy reservoir, thus dampening possible shortages of energy.
These control algorithms could be also extended for Vehicle-to-Grid
(V2G) operations, in which the EVs participate in the grid services as
energy suppliers. Thus, in the V2G context, the EV is envisioned to
perform a dual role for the grid: (i) it can be charged as a load with
energy flowing from the grid to the EV or (ii) it may discharged as a
source, with an energy flow from the vehicle to the grid. As a source,
the EV could help in ancillary services and participate in frequency
regulation or economic dispatch, among others [6]. The dual role is
expected to be operative for ordinary or emergency situations in a wide
set of scenarios, including microgrids, minigrids or cities. This two-
fold possibility of integrating the use of EV batteries in grid control
should be conveniently exploited. The advanced dispatching algorithms
must decide which type of operation should be performed (charging,
discharging or none) at a specific time. It is needed smart control
techniques which can be operated at different load levels and adapt
their configuration depending on the necessities of the grid, EV, and
different power generators.

How to make an optimized planning of the EV charging and/or
discharging is a current research topic [7–10]. There are multiple
approaches for this, which can be classified according to the criteria
on which they are based or on the methodology that they follow.
Considering the criteria, they could attend to the grid requirements
or users’ satisfaction, mainly. As for the integration in the grid, the
algorithms could help in frequency and voltage regulation as well
as in complying with the limits of active and reactive power. As an
illustrative example of this approach, [11] reviews how the EVs can be
integrated into the grid as virtual power plants. With this methodology,
the EV can give grid-support by means of active power support [12],
regulate voltage using reactive power support [13], provide power
factor regulation [14], and work as a harmonic filtering [15]. Con-
cerning the user’s satisfaction, the algorithms usually take into account
satisfying the charge requirements at the lowest cost. In this sense, the
work in [16] describes two online algorithms.

Scheduling algorithms can also be divided into three categories
according to the methodology they follow: centralized, distributed and
decentralized. In the centralized algorithms, all information is saved
and managed by a central controller. Next, the central unit uses a
single control system that decides the best charge/discharge strategy
considering factors like power grid capacity, grid frequency, energy
price, EV energy storage needs, EV capacity, etc. There also exist dis-
tributed control systems, in which each element in the grid can decide
how to act, with reduced interaction with other controllers working
at other EVs. They can also use additional information about the grid
information that can be extracted locally. The decentralized algorithms
avoid the interaction with other peers, so the decision is purely local.
In the decentralized algorithms, local information or estimations pay
special relevance as they are the main parameters that can be used as
input for the controllers. Although centralized algorithms could get the
optimum configuration of the EV controllers, they require considerable
data and communication costs, which make the solution not scalable.
In addition, having an only element for the decision of a set of fleets
is a relevant vulnerability. The work in [17] identifies significant
cyberattacks in EV charging stations. One of the vulnerable points is
the central server where the centralized control works. In [18], the
impact that these cyber-attacks have on the electrical grid are studied
and tested. This is overcome in distributed and decentralized solutions,
leading to more robust and scalable techniques if the estimated data
are precise.

Taking into account the high amount of uncertainty in the decisions
that should be covered by the decentralized algorithms in the presented
2

charging problem, fuzzy rule-based systems (FRBS) arise to a feasible
solution. Moreover, FRBS have the advantage of a more flexible and
adaptable performance in a wide range of scenarios. These systems are
based on type-I or type-II Fuzzy logic. Fuzzy logic has demonstrated
its suitability in those situations in which uncertain information is han-
dled, with possible errors or incomplete data. In the context of power
systems, some studies about voltage regulation have been done into the
conventional grid employing a fuzzy controller, as in [19]. There are
also FRBS for Photovoltaic systems, [20,21], for the control of the plug-
in supercapacitor modules into hybrid energy storage systems [22] to
improve thermal-electrical management of the battery, to shape energy
policy in cities [23] or for wind energy installations [24], among others.
As can be observed, fuzzy controllers can process and analyze many
different kinds of inputs to provide a correct response based on the
system situation. In particular, type-II fuzzy logic has revealed itself as
specially suitable in those scenarios where the inputs are not precise.
This advantage is convenient for V2G/G2V systems to consider both
grid and user-related parameters.

Table 1 summarizes some relevant proposals for EV scheduling
based on fuzzy logic. The related work focus on type-I fuzzy logic
system but type-II fuzzy logic could report important advantages in this
context. Some inputs (e.g. V, 𝛥𝑉 and 𝛥𝑓 as the grid voltage, voltage
variation and frequency variation) of the proposed algorithms are
derived from physical measurements, which may be prone to errors due
to the tolerance of the equipment. Actually, the tolerance of the new
grid meter complies with the UNE-EN IEC 61557-12:2022/A1:2022
standard [25]. The value specified in the standard is 1.5% plus other %
depending external conditions. The extra value varies between 0.5 and
6.0%. Other parameters may be also affected by inexactness, specially
those computed from estimations. This is the case of the time remaining
to departure (TRD).

Considering the previous control algorithms, we propose a novel
controller with three relevant advantages. First, it is based on type-II
fuzzy logic to cope with the inputs’ inherent inaccuracy. The second
advantage relies on the fact that it is based on a cascade design to
reduce the complexity of the system. In turn, this type of design im-
proves the control performance. Finally, the controller is implemented
and runs in each EV independently of others when it is plugged. In this
way, we provide a controller feasible for local implementations with a
decentralized EV dispatching strategy.

The main contributions of our work are described as follows. The
first one is the proposed type-II fuzzy controller that manages the pro-
cess of charging/discharging the battery in each EV independently. It
is a decentralized approach based on internal and external parameters.
Specifically, the parameters considered are the battery state of charge,
the grid voltage and the time of departure estimated by the driver. The
scheme of the controller is illustrated in Fig. 1 . This control maximizes
the benefit for the customers and the electric grid balance.

The second contribution is the use of a type-II fuzzy control to
deal with the uncertainties of the measurements and estimations in
our design. Thus, they are conveniently managed with the type-II fuzzy
control, in which we have modeled the conventional errors due to the
tolerance of voltage sensors and the imprecise estimations of the users’
behavior. The consideration of uncertainties is not modeled in the pre-
vious controllers described in the related work. In addition, we propose
a controller system designed with two subsystems following a cascade
approach. In this way, the fuzzy rules are reduced significantly, which
could turn into simpler and more robust implementations. Finally,
the performance of the proposed controllers have been evaluated and
compared with other relevant decentralized techniques. For this task,
some data related to the specific application in the Spanish scenario
were considered.

A fuzzy system is used in the present approach because these
systems are very often applied in those situations in which there is
no exact mathematical function that relates the inputs to the outputs.
Consequently, we have designed a fuzzy controller to overcome the

uncertainty related to the convenience of EV charging/discharging.
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Table 1
Summary of decentralized fuzzy controls in the literature.
Reference Charging Discharging Fuzzy type Grid-related inputs User’s preferences inputs

[26] ✓ ✗ I SoC, Cost –
[27] ✓ ✗ I SoC, V –
[28] ✗ ✓ I SoC, 𝛥f –
[29] ✓ ✗ I Cost Required SoC
[30] ✓ ✗ II Cost, SoC, Renewable generation –
[31] ✓ ✓ I 𝛥V, TOU, SoC Required SoC, TRD
[32] ✓ ✓ I 𝛥V, SoC Required SoC, TRD
Proposal ✓ ✓ II V, Cost, SoC TRD
Fig. 1. Proposed type-II fuzzy controller for an electric vehicle.
Thus, in our proposal, the input fuzzy variables can vary over time
between their minimum and maximum values for many reasons: the use
of sensors that give an approximate voltage and with a high tolerance
in the measurement, the difficulty of determining an exact behavior
of each driver, etc. Then, input variables that have exact values are
converted into qualitative variables through fuzzy sets. The inputs are
related to each other through the rules and output functions designed
in this approach, to obtain a crisp value. This output is the one used to
know whether the vehicle is charged or discharged and the amount of
power involved in the process.

The remainder of the paper is structured as follows. Section 2
describes the main features of other dispatching algorithms based
on fuzzy logic. Section 3 explains the control design proposed for
G2V/V2G operations based on type-I and type-II fuzzy logic. In a simu-
lation scenario, Section 4 evaluates the designs proposed and compares
their performance with other relevant fuzzy-logic based scheduling
algorithms. Finally, Section 5 draws the main conclusions.

2. Related work

Fuzzy controllers are used in a wide variety of applications as
was previously commented. In the context of power systems, fuzzy
controllers are used for centralized or decentralized control algorithms
in G2V/V2G systems. Different input parameters are used in these
algorithms to regulate common grid variables in which the adequate
operation of the power system depends on. Centralized algorithms
require a common controller that collects the data from the EVs and
the grid to generate the corresponding commands for the power flows.
The works in [33–35] or [30] are representative centralized FRBS.
The work in [36] presents a hierarchical structure in which EV local
fuzzy controllers communicate with an Energy Management System
(EMS). The local controllers are implemented with two independent
type-I FRBS. One FRBS decides the capability of the EV to be charged
and another decides the energy that the EV can deliver to the grid.
The decision of both FRBS is based on the initial energy available
in the EV (SoC) and the TRD. The EMS recollects the outputs of the
controllers in a fleet to decide the final scheduling. The availability of
the renewable energy is considered in this decision. The work in [30]
proposes a type-II FRBS to decide the power flows in a microgrid
with uncontrollable and controllable loads (as EVs), renewable energy
3

sources, energy storage and fuel power generators. The goal is to decide
the setting point of the controllable elements to maximize the use of
renewable energy sources while achieving a uniform load curve. Only
the charging of the EVs is considered in the algorithm.

Decentralized controllers offer a more robust and scalable solution
for EV management. Considering only charging flows, the work in [26]
describes a decentralized fuzzy controller. The FRBS is designed with
three and five membership functions for the SoC and the electricity
price respectively. These parameters are the inputs from which the
charging power is derived. A similar approach is found in [29], but
the inputs are the energy price and the SoC required by the user.
The algorithm considers previous and future performances to provide a
command of power as constant as possible. With the goal of improving
the grid performance, the algorithm in [27] also defines a type-I FBRS
but with the SoC and the grid voltage as inputs. The algorithm is
executed continuously to decide the percentage change of the charging
current.

Other advanced controllers are defined to manage the V2G flows.
In the paper [28], a grid frequency controller is presented to regulate
V2G operations exclusively, without operating in the charging pro-
cess. When discharging its battery, the EV uses its local type-I FRBS
controller. This system considers the frequency deviation (𝛥𝑓 ) in the
grid and the EV SoC to determine the power flow. There are also
bidirectional controllers that decide the power flow in both senses. In
[37], the type-I fuzzy controller makes the charging and discharging
decision for grid frequency regulation. This preliminary decision is sent
to a second optimization algorithm to determine the amount of energy
to charge/discharge. This system considers the frequency deviation
(𝛥𝑓 ) in the grid and the Area Control Error (ACE) as explained in [38].
The use of the ACE restricts its use as a fully decentralized algorithm.
A different approach is described in [39], in which the type-I fuzzy
logic controller is used to determine the convenience of charging or
discharging an EV in a particular charging station. In this way, the user
can decide where to plug his EV among the charging stations close to
its location. The decision is mainly based on the electricity prices and
the amount of the power flow is not adjusted to the specific conditions
of the grid.

The papers described previously only consider available measure-
ments from the grid or the battery status. However, it is possible
to incorporate other parameters such as estimations or preferences
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of the users’ behavior. In this sense, the authors in [31] proposes a
fuzzy controller for an improved integration of the EVs considering
the grid parameters and the user’s preferences. Specifically, the inputs
of the FRBS are the voltage deviation of the grid, the time of use
(TOU) as a demand response mechanism, the required SoC and the
time remaining for departure. These last inputs, modeling the user’s
behavior, are a novelty in comparison with previous controllers. In a
similar approach, the fuzzy controller proposed in [32] uses the voltage
deviation, the required SoC and the time for departure to regulate the
charging/discharging power of the EV. The last two parameters are
combined to generate the input referred to as charging urgency.

Table 1 shows a summary of the characteristics of the different
controllers implemented in the cited references following a decen-
tralized approach. As can be observed, when considering the user’s
preferences, the algorithms already proposed assume that the data are
exact definitions. However, the user could generate them with rough
estimations, which are prone to variability. In this paper, we evaluate
the convenience of using type-II fuzzy logic controllers to cope with the
above-mentioned uncertainty. In the present approach, we use a cas-
cade controller over a total of five inputs: voltage, SoC, V2G – with five
membership functions-electric energy cost and TRD – with only three
membership functions. Because of the use of the cascade controller, the
number of rules for the fuzzy controller is reduced from 225 to 90 (15
for the first controller and 75 for the second controller). In this way we
reduce significantly the computational power and resources that are
necessary to obtain the power flow. Furthermore, it is possible to take
into account a large number of parameters at the same time, which in
previous studies have only been taken into account separately.

3. Control design

The goal of the proposed controller is to regulate the amount of
power and connection mode for an EV (charge/discharge) in a decen-
tralized way. The local controller installed in each EV works taking
into account the following parameters: (i) grid voltage (𝑉 ), (ii) energy
cost (𝐶𝑜𝑠𝑡), (iii) initial energy available in the EV (𝑆𝑜𝐶), and (iv)
the available recharging period based on the EV’s owner estimation
about his departure time (𝑇𝑅𝐷). We have to remark that these input
variables vary over time. However, some of them are more stable than
others. Consequently, the output of the system varies over time as input
does but with a non-direct mathematical function. For an effective
operation, the proposed controller is based on a two-level cascade fuzzy
controller design. In the first level, the controller decides about the
suitability of each EV to supply or consume energy based on the grid
voltage condition and the energy price costs. This level, referred to
as Sense of the Power Flow (SPF), decides the connection mode of
the EV (charge/discharge) and its priority, as it is a number ranging
from −1 to 1. In the second level, called Percentage of Power (PP),
the controller determines the percentage of power that the EV is going
to consume or supply. It must be noted that the owners/drivers make
no decisions about the charging/discharging process in the EV that
will run the proposed controller, limiting their intervention to set the
parameter 𝑇𝑅𝐷 when they plug the EV to the grid. This action would
be accomplished by using a mobile app or the control console of the
car, as shown in Fig. 1.

The PP stage have three inputs: The output of the SPF controller
(V2G), the SoC and the TRD. As can be observed, the SPF level uses
information from the grid whereas PP relies on the EV’s SoC level
and the expected user’s behavior. In this way, SPF will decide whether
energy is consumed/supplied and PP the amount of energy exchanged.
Figs. 2 and 3 show the diagram of then two stages of the proposed
controller: the SPF stage and the PP stage.

The proposed controller will be designed with two approaches so
that we will derive type-I and type-II fuzzy controllers. The main
difference between the two controllers is that the fuzzy sets of inputs in
type-II are more complex and are used in applications where the degree
4

Fig. 2. SPF stage of the proposed cascade fuzzy control.

Fig. 3. PP Stage of the proposed cascade fuzzy control.

of uncertainty is higher. The convenience of the type-II fuzzy controller
will be evaluated for the specific scenario under study.

Both fuzzy controllers use the ‘‘Takagi–Sugeno–Kang (TKS)’’ method.
This method is different from the Mamdani one because the output of
a TKS fuzzy system is defined as a set of linear functions, whereas
in a Mamdani system the output is just modeled with one or more
independent variables [40].

The fuzzy logic systems are characterized by the membership func-
tions of the inputs. The input variables are related to each other by
the so-called rules to obtain the output. The rules are stored in the
knowledge base (KB). Thus, in a fuzzy system the inputs are fuzzified
with the fuzzy sets defined in the membership functions, combined with
each other with the KB rules and finally the output is obtained and
defuzzified to get a final crisp value. Fuzzy controllers are used in many
engineering fields, such as humidity control [41], automotive [42] or
wireless sensor networks [43].

The next two subsections explain the type-I fuzzy controllers for SPF
and PP subsystems. The last subsection will explain the modifications
required for the type-II fuzzy logic system.

3.1. Stage SPF

The first level, the SPF stage, works with two inputs in the fuzzy
controller: price of electricity (𝐶𝑜𝑠𝑡) and grid voltage (𝑉 ). The 𝐶𝑜𝑠𝑡
variable has three membership functions or fuzzy sets quantified as a
specific price interval: (i) Down Time (DT), zone with low energy cost,
(ii) Off-Peak (OP), zone with medium energy cost, (iii) and Peak Time
(PT), zone with high energy cost. These three ranges for the energy
costs are typical in current power systems. The input fuzzy sets of the
𝐶𝑜𝑠𝑡 variable are shown in Fig. 4.

The grid voltage 𝑉 has five membership functions divided into Low
(L), Medium Low (ML), Medium (M), Medium High (MH), and High
(H). The Fig. 5 includes the shape of those fuzzy sets.

The output of this controller stage is the connection mode to choose
by the EV (V2G/G2V) and its corresponding priority. The output is
divided into five different levels: (i) very negative (VN), (ii) negative
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Fig. 4. Fuzzy type-I membership functions of 𝐶𝑜𝑠𝑡 variable for SPF.
Fig. 5. Type-I fuzzy logic membership functions of 𝑉 variable for SPF.
c
b

(N), (iii) maintain (M), (iv) positive (P) and (v) very positive (VP).
The very negative level indicates a full discharge of the EV in the
electric grid; negative is for a medium discharge; in ‘maintain’ level the
EV does not charge nor discharge, and finally both positive and very
positive levels imply charging the EV as the opposite to negative and
very negative ones. The output of the SPF controller is summarized in
Table 2. The SPF knowledge base is described in Table 3.

The knowledge base rules are defined in a clear and precise way that
make them easy to understand. The design of the fuzzy rules is based
on expert knowledge. Expert knowledge consists of using the practical
experience of the research team to configure all the parameters of the
fuzzy system. Thus, fuzzy rules have been developed from the study of
the behavior of EV charging/discharging processes and the variables
that can be measured by the controller to achieve a realistic decision
for V2G or G2V modes.. For example, if 𝐶𝑜𝑠𝑡 is DT (low price) and 𝑉
5

is L (lower than the reference value), then the output of the controller t
Table 2
Output of SPF controller.

Output Value

Very negative −1
Negative −0.5
Maintain 0
Positive 0.5
Very positive 1

is VP, i.e. the battery should be charged with a very high probability.
The output of this stage is the 𝑉 2𝐺 input of the next one. The rules
an be explained as follows: with the first premise, the user is getting
enefits, with the second one, the load in the grid is increased so that
he voltage can also be elevated.
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Fig. 6. Type-I membership functions of PP. (a) SoC, (b) TRD, (c) V2G.
Table 3
KB of SPF controller.

Cost\V L ML M MH H

DT VP P N N VN
OP VP P M N VN
PT VP P P M M

Table 4
Rules for V2G(VN) of fuzzy controller 2.

V2G VN

TRD\SoC VL L M H VH

S VP VP VP VP P
M VP VP VP P P
L VP VP P P P

3.2. Stage PP

The second fuzzy control stage has as inputs the 𝑉 2𝐺, output of the
previous control, the 𝑆𝑜𝐶 of each EV, and the 𝑇𝑅𝐷. The 𝑉 2𝐺 input
ariable has five membership functions which are, very negative (VN),
egative (N), maintain (M), positive (P), and very positive (VP). The
𝑜𝐶 input is also defined with five membership functions, very low

VL), low (L), medium (M), high (H), and very high (VH). Finally, 𝑇𝑅𝐷
as only three membership functions, short (S), medium (M) and long
L).

The degree of membership in the variables of this fuzzy control is
efined with triangular membership functions for values L, M, and H in
𝑜𝐶 and membership functions of 𝑉 2𝐺. However, VL and VH signals

n 𝑆𝑜𝐶 and 𝑇𝑅𝐷 are trapezoidal membership functions as illustrated
n Fig. 6.

The final output of this fuzzy controller, which is obtained from
his stage, is the power level of charge/discharge per unit (𝑃 ), who

is defined in five levels: very negative (VN) and negative (N) for
discharging, maintain (M), and finally positive and very positive for
charging. Their singleton values are equal to the previous output, so
the values in the Table 2 also refer to this output.

The rule base for the PP stage is defined in five different tables (Ta-
bles 4–8), each one for one membership function of the input variable
V2G. In these tables, it can be seen the final singletons outputs of the
two level cascade controller which are: very positive (VP), positive (P),
maintain (M), negative (N) and very negative (VN).

3.3. Type-II Fuzzy logic

This section will explain the differences in controllers when using
type-II fuzzy logic. As it was previously explained, this type of fuzzy
logic is used in applications where uncertainty is very high. One of
the goal of this paper is to evaluate the convenience of this type of
6

Table 5
Rules for V2G(V) of fuzzy controller 2.

V2G N

TRD\SoC VL L M H VH

S VP VP VP P P
M VP VP P P M
L VP P P M M

Table 6
Rules for V2G(M) of fuzzy controller 2.

V2G M

TRD\SoC VL L M H VH

S VP VP VP P M
M VP P P P M
L P P P M M

Table 7
Rules for V2G(P) of fuzzy controller 2.

V2G P

TRD\SoC VL L M H VH

S VP VP P M N
M VP P M M N
L P P M N VN

Table 8
Rules for V2G(VP) of fuzzy controller 2.

V2G VP

TRD\SoC VL L M H VH

S VP VP P N VN
M P P M N VN
L M N VN VN VN

fuzzy logic systems. The main difference in type-II fuzzy logic is in the
shape of the membership functions. In this case, the fuzzy sets become
surfaces to handle uncertainty. The fuzzy sets are formed with the so-
called footprint of uncertainty (FOU) that are associated through the
rules included in the knowledge base in the same way as in type-I.
The output is also obtained in a similar way, through combinations of
the inputs and outputs with knowledge rules. Now, the mathematical
functions to obtain the output are more complex.

We keep the same input variables but it is necessary to define the
uncertainty in them with the FOU surfaces. Specifically, we assume
that errors could be mainly associated to the measurements of the grid
voltage (in SPF) and the TRD (in PP) of each EV. These variables show
a high uncertainty which is produced by the error in the voltage meter,
and the real use of the EVs. For the voltage case, we have defined
the FOU based on a 3.2% of tolerance, which has been defined as the

maximum tolerance error measures in adverse conditions, specified in
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Fig. 7. System membership functions for V in SPF using type-II fuzzy logic.
Fig. 8. System membership functions for TRD in PP using type-II fuzzy logic.
NE-EN IEC 61557-12:2022 [25]. Fig. 7 shows the tolerance which
s distributed in a +1.6% to upper MF and a −1.6% to lower MF.
oncerning the TRD input variable, it has a value set by the user,
ho may have an unpredictable behavior. In this case, it is supposed
n uncertainty interval of one half an hour before and after the user
stimated departure, Fig. 8. With this approach, they are quantified
wo different possibilities in the time of use of each EV. The rest of
he inputs have been defined using a general FOU of 0.2 because they
how a good behavior of the system in the design tests that have been
ccomplished.

Finally, the output of type-II fuzzy systems is obtained by cal-
ulating the centroid derived by combining the inputs and outputs
ith the rules of the knowledge base. The final chosen method to

ompute the centroid of type-II parameters is the enhanced iterative
7

algorithm based on stopping condition (EIASC), which had been previ-
ously tested in [44,45]. This method shows a better performance than
other available algorithms because it requires less processing resources.

4. Evaluation

The evaluation of the proposed decentralized techniques is per-
formed within a realistic scenario. The grid scheme is shown in Fig. 9.
The grid is based on a representative radial distribution as the one used
in [33]. It is composed of a 33-kV substation in node 1, which supplies
energy to three branches. Each branch is composed of four demand
nodes, which have different demand power (active and reactive). They

are at nodes from 5 to 15. At node 16, we have located the fleet of EVs.
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Fig. 9. Representative distribution power system for evaluation.

The maximum capacity of the power generator that supplies energy via
the substation in node 1 is 5 MW and 3.5 MVar. This means that the
usual system demand combined with the EV charge demand must not
exceed the above mentioned limits.

To model the variation of the energy demand of nodes 5–15, a
factor ℎ is included in the consumption of the nodes. This parameter
luctuates between 0.6 and 1 according to the variation of the Spanish
oad demand. It means that the lower load has ℎ = 0.6 whereas the

higher load has ℎ = 1. To decide which ‘‘h’’ value should be applied
at each instant, we consider a representative load curve as a reference.
Specifically, the curve is generated from the electricity Spanish demand
data during 2021 [46]. In order to obtain a representative curve of the
entire year, we have proceeded as follows. First, we have collected the
365 curves of energy demand for 2021 from [46]. Next, we estimated
a representative load curve of the year using the k-means algorithm
so that we can obtain a more realistic load variation than the one
derived from an arithmetic mean [47]. The curve generated represents
the consumption variations during a day. The main objective is not
only to test the capability of the fuzzy control algorithms to work under
static load conditions, but we also want to check how it adapts to the
load variations.

Concerning the EV demand, three load profiles were considered.
Initially, three basic user profiles are generated (𝑃𝑟𝑜𝑖 with 𝑖 ∈ {1, 3}).
The three profiles have been designed based on the three main patterns
for the working times that can be found in Spain. The first profile is
based on a full-time job with a half-day split timetable. In the second
profile, an intensive full-time has been considered. Finally, in the third
profile, it has been taken into account a full-time night schedule.

Each user profile is characterized with the following features:

• Initial SoC. This is the state of the charge that the battery of the
EV has at the beginning of the day (0 h).

• Minimum SoC. This is the lower limit allowed for the SoC of the
EV battery. This can be imposed whether technically to prevent
early battery degradation or according to the user’s preferences.
For our evaluation, this lower limit is set between 20% and 25%,
which is the minimum SoC level that the manufacturers usually
recommend to extend battery life [48,49].

• Charge rate limit (𝐶𝑟𝑎𝑡𝑒
𝑙𝑖𝑚𝑖𝑡). It represents the maximum amount of

energy that can flow from/to the battery in a period of time.
For the computation of this parameter, we first calculate the
maximum power flow in each EV as: (1)

𝐶𝑟𝑎𝑡𝑒
𝑗 =

𝑃𝑗

𝑉𝑗𝐴ℎ𝑟𝑗
(1)

where 𝐶𝑟𝑎𝑡𝑒
𝑗 is the current applied or extracted from the EV battery

when it is charged or discharged, 𝑃𝑗 corresponds to the power
required/available to charge/discharge the 𝑗 battery in W; 𝑉𝑗 is
the voltage level in the battery 𝑗 and 𝐴ℎ𝑟𝑗 is the current load in
the battery 𝑗.
The maximum value obtained for 𝐶𝑟𝑎𝑡𝑒

𝑗 is the one considered as
𝑟𝑎𝑡𝑒
8

𝐶𝑙𝑖𝑚𝑖𝑡, which is included in Table 9.
Table 9
User profiles.

Profile Initial SoC [%] Minimum SoC [%] 𝐶𝑟𝑎𝑡𝑒
𝑙𝑖𝑚𝑖𝑡

𝑃𝑟𝑜1 50 20 4
𝑃𝑟𝑜−1 50 20 4
𝑃𝑟𝑜+1 50 20 4
𝑃𝑟𝑜2 50 25 3
𝑃𝑟𝑜−2 50 25 3
𝑃𝑟𝑜+2 50 25 3
𝑃𝑟𝑜3 70 20 5
𝑃𝑟𝑜−3 70 20 5
𝑃𝑟𝑜+3 70 20 5

• Time remaining until departure (TRD). This parameter defines
the time until the user estimates that they will use the EV. It is
necessary to pay attention to this parameter in order to guarantee
that the user has enough SoC for their personal use when they
have planned to start driving.

To model realistic drivers’ behavior, the set of basic profiles is
extended with 𝑃𝑟𝑜+𝑖 and 𝑃𝑟𝑜−𝑖 , leading to nine final charging profiles.
For 𝑃𝑟𝑜+𝑖 , the TRD is delayed two hours when compared with 𝑃𝑟𝑜𝑖. For
𝑟𝑜−𝑖 , the TRD is overtaken by two hours in comparison with the TRD
f 𝑃𝑟𝑜𝑖. In Table 9, the features of the nine profiles are summarized
n addition, Table 10 shows the interval of time at which the EVs are
lugged/unplugged to the power system in order to model the driver
rofiles for testing purposes. It is worth mentioning that having an EV
lugged does not imply it is charging or discharging as it was advanced
n the explanation of the scheduling algorithms that are tested in this
aper. Moreover, the controller of each EV only runs if the vehicle is
lugged, so when the EV is unplugged that controller remains idle.

Each profile has 20 EVs, and the maximum number of EVs con-
ected simultaneously is 160. In order to generate a more realistic
cenario, we model that the SoC of the EVs decreases in a proportional
ay to the time it is unplugged from the grid, being the discharge

urrent proportional to the SoC. In this way, it is assumed that the
onger period an electric vehicle is unplugged, the more distance it has
raveled and therefore the greater the discharge of the electric vehicle
as taken place.

The resolution method used for the power flow is Newton–Raphson,
hich has the capability to converge with few iterations and with
igh precision. Considering the whole load (EVs and others), we have
valuated the EV scheduling algorithms for a period of three days
ccording to the following metrics:

• ISE (Integral Square Error) of the voltage curve, which can be
computed as [50]:

𝐼𝑆𝐸 = ∫

𝑇

0
[𝑉𝑟 − 𝑉 (𝑡)]2𝑑𝑡 𝑡 ∈ ∀𝑇 (2)

where 𝑉𝑟 = 1 is the ideal voltage in the grid in p.u., and 𝑉 (𝑡) is
the voltage (p.u.) in the grid in each instant of the simulation.
Please, take into account that voltage varies with the load and,
consequently, with the control of the charge/discharge of EVs. For
our computation, 𝑇 = 72 h as we are considering the scheduling
in three days. The ideal situation is that the value of ISE is always
0. This implies that the actual voltage in the grid is the same as
the reference one, which leads to a better grid operation.

• Energy cost. It is defined as the sum of the costs of charging
minus the revenues for discharging of all EV users during the
simulation period. In our scenario, we are considering a realistic
market operation in which prices change during the day. Fig. 10
shows the variation of this price in a representative scenario of
the year 2021, which is obtained from the ESIOS transparency
website [51]. For a simplicity purpose, we assume that the prices

for selling and buying energy are the same at each instant of time.
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Table 10
Connection time of EVs by profile.

Time [h]
Profile 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

𝑃𝑟𝑜1
𝑃𝑟𝑜−1
𝑃𝑟𝑜+1
𝑃𝑟𝑜2
𝑃𝑟𝑜−2
𝑃𝑟𝑜+2
𝑃𝑟𝑜3
𝑃𝑟𝑜−3
𝑃𝑟𝑜+3

Electric vehicle plugged to the power system.
Electric vehicle unplugged from the power system.
Fig. 10. Average daily price 2021 in Spain, rate PVPC 2.0TD.
Source: Data extracted from [52].
• Percentage of battery discharged. Batteries are vulnerable el-
ements, which suffer from degradation when discharged are
frequent. When evaluating a scheduling algorithm, it is vital to
consider how much the battery is discharged.

With the use of these metrics, we are considering both the grid oper-
tion and the drivers’ satisfaction. The scheduling algorithms evaluated
re: (i) average charging rate (ACR) [53], (ii) Fuzzy type-I proposed
ascade controller, (iii) Fuzzy type-II proposed cascade controller, (iv)
uzzy type-I control [32] based in the parameter Charging Urgency
CU), (v) a smart charging Fuzzy type-I controller (SC) that takes into
ccount the SoC and the energy cost [26] and (vi) Fuzzy type-I (ADC)
escribed in [31] with a pre-processing of the inputs related to the grid
erformance and the user’s preference. Section 2 describes ACR, SC and
DC in detail.

The simulation scenario is modeled to take into account uncon-
rollable situations, such as measurement errors in the grid voltage
r personal circumstances of the users, which cause them to leave
arlier than planned and arrive later, making greater use of the vehicle’s
attery. As an example of the periods used, the third day is shown in
able 11. In this table, the yellow areas correspond to periods when
he vehicle arrives later or leaves earlier than programmed.

In Fig. 11 are shown the average system energy cost with the
ifferent controllers and the minimum SoC before departure that the
Vs have during the simulation time. The dashed lines represent the
imit of the SoC before departure (red), and the average energy cost
9

for all the controllers (blue). The limit of minimum SoC has been
established to ensure an enough energy amount which can guarantee
that in an unexpected situation such as an non-programmed trip, the
driver does not need to stop to charge the EV. This is a common
requirement set by EV drivers. In order to consider that the solution
obtained with the controller is an optimal solution, the minimum SoC
must be over the red dashed line, and the average energy cost must be
down the blue dashed line. It can be observed that the proposal based
on type-II fuzzy logic is capable to comply with these requirements.
The minimum SoC is reduced greatly with CU and ADC as they do
not guarantee this restriction. However, the energy cost is much lower
than in the other controllers. For those keeping a minimum SoC, type-
II fuzzy logic controller leads to a reduced cost. Thus, only with the
type-II fuzzy logic controller, it is guaranteed that a sufficient battery
level is available before departure, while at the same time the energy
cost is lower than the daily average. The algorithms ACR and SC only
schedule charging processes and, it can be seen that incorporating V2G
operations reduce the energy cost.

Fig. 12 shows the ISE evolution. Including a scheduling algorithm
reports in a reduction of the ISE error, which is beneficial for the grid.
ACR presents a slight improvement when compared with the type-II
fuzzy logic controller, but this is achieved at a higher cost.

Although the energy cost and the minimum SoC are relevant for the
user, it is also important to consider the degradation that the battery
suffers in the V2G operations. Batteries are sensitive electronic devices
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Table 11
Plug-in times of EVs by profile for day 3.

Day 3 Time [h]
Profile 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
𝑃𝑟𝑜1
𝑃𝑟𝑜−1
𝑃𝑟𝑜+1
𝑃𝑟𝑜2
𝑃𝑟𝑜−2
𝑃𝑟𝑜+2
𝑃𝑟𝑜3
𝑃𝑟𝑜−3
𝑃𝑟𝑜+3

Electric vehicle plugged to the system.
Electric vehicle unplugged from the system.
Electric vehicle unexpectedly unplugged from the system.
Fig. 11. Average energy cost and SoC before departure.
Fig. 12. ISE evolution with different controllers.
and deep discharging makes their capacity diminish. Consequently, dis-
patching algorithms that result in high discharging levels will shorten
10
the useful battery lifetime [54]. Paying attention to the percentage of
battery discharge in the control algorithms, the overall balance varies
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Table 12
Battery percentage discharged by day and profile.

Profile Battery discharged [%]

Type-I Fuzzy Type-II Fuzzy CU ADC

𝑃𝑟𝑜1 14.389 4.187 20.514 48.754
𝑃𝑟𝑜−1 49.659 20.214 75.422 104.12
𝑃𝑟𝑜+1 1.918 4.111 0.127 14.669
𝑃𝑟𝑜2 71.648 30.332 65.864 71.563
𝑃𝑟𝑜−2 35.352 30.432 50.238 80.013
𝑃𝑟𝑜+2 65.191 12.403 65.610 71.817
𝑃𝑟𝑜3 2.383 0 0 42.482
𝑃𝑟𝑜−3 0.134 0 0 39.080
𝑃𝑟𝑜+3 5.157 4.004 0 52.291

differently depending on the controllers as can be seen in Table 12.
Please, note that ACR and SC are not included in this analysis as they
do not consider V2G operations. The controller supported by type-II
fuzzy logic achieves a reduced energy cost and an acceptable minimum
SoC while provoking reduced discharges. Its capability to cope with
uncertainty leads to a better performance if we compare it with the
proposal based on type-I fuzzy logic. In CU and ADC the increase of the
percentage of discharge is significant. We can state that our controller
results in relevant advantages in the short and long term.

5. Conclusions

This paper focuses on developing two distributed V2G scheduling
algorithms to satisfy grid and users’ requirements. The type-I fuzzy
logic controller supposed a simpler approach than type-II fuzzy to cope
to the stability and cost problem that show a good performance in
experiments shown in the previous section. By using a type-II fuzzy
logic controller, the scheduling algorithm is able to cope with uncer-
tainty, intrinsically present in the grid measurements and in the user’s
behavior. The algorithm has been designed in a two-cascade approach
in order to simplify the knowledge base.

The evaluation of the algorithms shows that type-I and type-II fuzzy
logic controller achieves a better balance in terms of energy cost and
percentage of battery discharged while ensuring a minimum SoC for
the user, whereas other approaches used in the experiments tend to a
SoC of 0% which cannot feasible in real applications. V2G operations
lead to a significant reduction in the energy cost, but they have to be
carefully planned to prevent early battery degradation.

Finally, it can be concluded that with the proposed controller it can
be reduced the charge energy cost at the same time that improves the
stability in the grid. This method would help the sustainability of EVs
because it would be reduced the waste of energy, storing energy in a
distributed way and when the energy is needed it can be get from EVs.
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