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ABSTRACT This article assesses the energy management of reconfigurable residential smart hybrid

AC/DC microgrids considering the combined heat and power (CHP) loads as well as the electric vehicles

charging/discharging behaviors. A holistic model is developed for the proton exchange membrane fuel

cell to retrieve the unwanted thermal energy generated at the operation time. The proposed model makes

use of the unoccupied capacity of the fuel cell for producing/storing hydrogen for the later usage and

increasing its efficiency. A stochastic framework is designed using point estimate method (PEM) to capture

the uncertainties of the photovoltaic and wind turbine forecast error, power company price, the operating

temperature of the proton exchange membrane fuel cell, the price for natural gas, price for selling hydrogen,

and the pressure of the H2 and O2 in the fuel cell stack. The PEM approach has shown superior advantages

in terms of accuracy and running time. Considering the complex and nonlinear structure of the proposed

framework, a proficient optimization technique based on the teacher learning algorithm (TLA) is devised.

A two-phase modification method is proposed to increase the algorithm variety and help its convergence

characteristics. The performance of the proposed algorithm is compared with the TLA, particle swarm

optimization (PSO) algorithm and genetic algorithm (GA). For enhancing the security of the energy and

data transaction within the system, a directed acyclic graph (DAG)-based security framework is introduced to

guarantee the performance of the system against the subversive accesses. By using this scheme, the essential

data of the units are recorded and secured in the form of public, private and transaction blockchains. The

economic characteristics of the proposed method are assessed on a residential hybrid AC-DC microgrid test

system.

INDEX TERMS Combined heat and power, smart AC-DC microgrid, point estimate method, uncertainty,

energy management.

Nomenclature

BGi
t/Bsjt Price for ith generating unit and jth storage

unit at t

B
t
Grid Price for energy company at t

B
t
PEV Price for energy company at t

Bm
t Gas price for mth PEMFC at t

Bpump,t Price for Hydrogen pumping at t

The associate editor coordinating the review of this manuscript and

approving it for publication was Lin Zhang .

BmHs Price of hydrogen selling for mth

PEMFC
Bthm Fuel price for the thermal demands

CostDG/ST/Grid Cost of power generation by DERs/

storage unit/power company

CostPEV/SW/FC Cost of power supply to PEV/cost of

reconfiguration/cost of power produced

by FC

CBat Battery investment cost ($).

Cd Degradation cost of PEV battery.
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CSw/FC/M Cost of switching/PEMFC/power

company electricity

DoDi/ DoDf Original/end DoD at the discharge.

Ebat Battery energy (kWh)

Enernst Cell voltage in the open-circuit

thermodynamic balance (no-load)

EnD,v
t Electrical energy of fleet v for driving

at hour t .

Env
t Electrical energy in PEV batteries in fleet

v at hour t .

Eniniv /En
fin
v Primary/ending energy in fleet v.

Enminv /Enmaxv Battery lower and upper capacity in fleet v.

H2 Hydrogen

iFC Fuel cell current

MH2 Hydrogen mass rate

NT /NL/NB Number of operation hours/lines/buses

Ns/Ng Number of storage devices/generators

NLoad Number of load levels

Nc/Ndis Number of life/discharge cycles

NFC Number of fuel cell

NP/NRCS Number of TLA population/ switches

N sw
RCS Number of daily switch operations

Nv Number of PEV fleets

β Number of lines needed to make a loop

O2 Oxygen

PGrid
t Power produced by the power company

at time t

PGi
t/Psj

t Active power output of ith generator/jth

storage

Pv
t Charging/discharging rate of fleet v at

time t .

PH ,t
m Hydrogen equivalent power for mth

PEMFC at time t

Pm
t Power output of mth PEMFC at time t

PH ,t
m Hydrogen equivalent power at mth

PEMFC at time t

PHstm Power equivalent to stored hydrogen at

mth PEMFC

PH−usage Hydrogen equivalent power arriving

PEMFC stack through the storage tank

Pthm
t Thermal power generated by mth PEMFC

at time t

PH ,end
m Hydrogen remained in the fuel stack at the

end of the day

PH−max Stack maximum capacity minus its

production

Ploss
t Hourly network power losses.

Pc,v
t/Pd,v

t Charging/discharging rate of fleet v.

Pminc,v /Pmaxc,v Lower and upper charging rate of fleet v.

Pmind,v /P
max
d,v Min/max discharging rate of fleet v.

PDthm
t Thermal load demand of mth PEMFC at

time t

Pt Load,k Electric demand of k th level of t th hour

P
Inj,t
m /Q

Inj,t
m Active/reactive power injected to bus m

at time t

PGi,min
t /PGi,max

t Lower and upper power capacity of

ith DER in hour t

PFCm,min
t /PFCm,max

t Lower and upper power capacity of

mth PEMFC in hour t

Psj,min
t/Psj,max

t Lower and upper power capacity of

jth storage in hour t

Pgrid,min
t/Pgrid,max

t Lower and upper capacity of the

power company at hour t

Pcharge
(Pdischarge) Charge (discharge) rate in the time

interval 1t

Pcharge,max
(Pdischarge,max) Upper level of charge (discharge)

rate in the time interval 1t

Q Set of all possible loops

r te Thermal-to-power energy ratio

Rest Spinning reserve at time t

SLinei,max Maximum power flow in i feeder

S
Line,t
i Power flow in feeder i at time t

SonGi /S
off
Gi Costs of start-up/shut-down for ith

DER

SonFC,m /S
off
FC,m Costs of start-up/shut-down for mth

PEMFC

t
off
m The time at which the FC is off

τm FC cooling time constant of mth

PEMFC

ui
t Status of ith DERS (except

PEMFC) at hour t

um
t mth PEMFC status at hour t

uv
t PEV status (charge/discharge/idle)

uc,v
t/ud,v

t/ui,v
t Indicator showing fleet v is in

which operation mode.

V FC FC output voltage

Vmin/Vmax Min/max voltage value

V /δ Voltage magnitude/phase

V act Activation over-potential

V ohmic Voltage drop due to the resistance

against the electrons for transfer-

ring on collecting plates & solid

membrane

V con Voltage drop caused by the mass

conveyance of the reacting gases

Wess,min/max Min/max battery capacity for

power storage

Wess
t Battery energy at t

ω Weighting factor for themean value

µ

X A solution in TLA algorithm

XT Best individual in the TLA popula-

tion

Y /2 Feeder admittance magnitude/

phase

S Output vector

z Input vector for uncertain

parameters
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zl,1, zl,2 Concentration points zl

ϒ l,3 Skewness parameter for zl

ξ l,k Standard location for zl
µzi Expected value of input uncertain

parameter zl

σ zl Standard deviation for zl
w Line status

Iter Iteration number

ηcharge.discharge Battery efficiency in charge or discharge

mode

υ Number of uncertain parameters

ηst Hydrogen storage efficiency

ηm
t FC efficiency ignoring thermal recovery

and hydrogen production mth PEMFC at

time t

ηtot Total fuel cell efficiency

µ Mean value of random variables

κ1 and κ2 Wohler curve parameters in V2G

γ1,. . . ,γ7 Random amount in the range (0,1]

λRCS Cost of switching operation

λm Cost of hot start-up for mth PEMFC

φm Cost of cold start-up for mth PEMFC

I. INTRODUCTION

According to the united stated DOE department, micro-

grid is a set of coupled loads and distributed energy

resources (DERs) with specific electric borders and can act as

an independent well-regulated unit from the main grid (con-

necting or disconnecting) to provide either grid-connected

or islanded operation [1]. Therefore, it can be supposed

as a small-scale self-supplied grid that can help improving

the electric power quality by generation at the consumption

location [2], [3]. The microgrid technology can improve the

system reliability by announcing self-healing capability in the

low voltage level, upgrading the power quality, diminishing

air pollution, reducing power losses, increasing revenues by

lower T&D investments, providing growing space for renew-

able energy sources (RESs), and growing energy efficacy by

getting compatible with the real-time market prices [4]–[7].

In this regard, a series of researches were implemented from

the earliest works in [8]–[10] to the latest works on eco-

nomics, operation, planning, scheduling, control, protection,

and secured data communication in microgrids [11]–[14].

On the operation and management of microgrids, some of the

most well-known methods are provided in [15].

In a technical categorization, there are three types of micro-

grids: including AC microgrid, DC microgrid and hybrid

AC-DC microgrid. Widely being studied, AC microgrids

deliver AC power directly to AC and DC loads through some

converters. In order to provide an optimal energy manage-

ment system in the AC microgrid, an efficient control outline

is developed to schedule the hybrid energy sources in [16].

The authors also pursued the optimal sizing of the proposed

hybrid sources using a cuckoo search algorithm has shown to

be more effective compared to genetic algorithm (GA) and

particle swarm optimization (PSO). In [17], GA is used as

a powerful tool for running an economic operation scheme in

the ACmicrogrid. There are several research works published

on the operation and supervision of AC microgrids and the

revenues which can be attained from their interaction with the

main grid [18], [19]. All-inclusive reviews on different eco-

nomics aspects of AC microgrids along with their economic

operation methods can be accessed in [20]. Due to the grow-

ing number of DC loads in the grids especially at the residen-

tial parts in the last years (like laptops, TVs, mobile chargers,

electric vehicles, home devices, etc.), the knowledge of DC

microgrid has fascinated many power engineers. In addition,

lack of a synchronization system, developed efficiency and

a lesser amount of power losses are some of the special

features which may be provided by DC microgrids. In [21],

the cost and pollution objectives are considered to construct a

multi-structure in hybrid DCmicrogrids. In [22], an operation

pattern is used seeing load and generation balance with the

time of use tariff as a constraint. A holistic comparison and

discussion on AC and DC structures in microgrids and the

benefits of using DC one can be found in [23].

In the third group, hybrid AC-DC microgrids exist that

benefit from both AC & DC technologies existing in both

AC microgrids and DC microgrids. The idea of a hybrid

microgrid is constructed based on the fact that it is more

efficient and economical to support an AC load by an AC

generating unit and a DC load by a DC generating unit.

Avoiding the expensive and complex AC-DC converters is

one of the main features of these grids. A mixed-integer

linear model is devised in [24] which helps for scheduling

of AC and DC units in a hybrid microgrid. In [25], the way

of power flow control and dispatch among the units of dif-

ferent types in a decentralized scheme is discussed in hybrid

AC-DC microgrids. In [26], an optimal energy management

framework is implemented in a hybrid AC-DC topology of

microgrid considering the uncertainty effects associated with

wind turbine (WT) and photovoltaics (PVs) units’ generation,

power company and electricity demand. In [27], a min-max

robust counterpart method is deployed to solve the energy

management problem of hybrid microgrids. It makes use of

the Taguchi’s orthogonal array approach to discover the nas-

tiest situation for modeling the uncertainties. Although these

works have provided good results in the economic operation

of hybrid microgrids, none of them could provide a holistic

economic framework for these grids. One of the significant

DC power units which is always assumed a strategic com-

ponent in hybrid microgrids for stabilizing the power and

demand balance in the DC side is fuel cell (FC). This DC

power source can help to improve the hybridmicrogrid opera-

tion not only from the electric power standpoint, but also from

the thermal load standpoint. Having a high technology in the

structure, thermal recovery in the proton exchange membrane

fuel cell (PEMFC) can supply a valuable portion of the

local thermal loads in the DC part of the hybrid microgrids.

Meanwhile, optimal management strategies for scheduling

the hydrogen production capability of PEMFC units can

affect the operation of the microgrid sensibly. According to

VOLUME 8, 2020 47809



X. Gong et al.: Secured Energy Management Architecture for Smart Hybrid Microgrids Considering PEM-FC

recent researches, the combined heat and power (CHP) model

of PEMFC can raise its efficiency by up to 70% in compar-

ison with its electric-based model with 35-50 % efficiency

[28], [29]. This fact shows the necessity of considering an

efficient economic model to mend the economic operation of

the hybrid microgrids. That is to say, ignoring the complete

model of FCs in the hybrid microgrids can make a strategic

error in the optimal operation and management of other units.

Reference [30] investigated an effective economic model for

a grid-connected hybrid wind-hydrogen combined heat and

power systems which is able to retrieve thermal energy from

the fuel cell alongwith proper capabilities to exchange energy

with grid. Same approach is followed in [31] considering

PEMFC power plant for supplying CHP loads. Also various

prices are considered for energy exchange of the PEMFC to

make themodelmore effective. In [32] the author proposed an

off-grid based hybrid system comprises of renewable energy

sources, FC [33] and diesel generator to handle the loads

of a remote area. Also, the sizing problem of such energy

sources [34] is pursued by using a discrete simulated anneal-

ing approach.

One another feature of hybrid microgrids that can greatly

affect their economic operation is the possibility of changing

the topology of feeders through the reconfiguration process.

In the technical meaning, reconfiguration is considered as

the process of grid topology reforming by means of some

already installed remotely controlled switches called tie (nor-

mal open) and sectionalizing (normal closed) switches [35].

Optimal reconfiguration can benefit the microgrid from dif-

ferent views for example power loss saving [36], voltage

level enrichment [37], load balance increase [38], reliabil-

ity boost [39] and pollution reduction [40]. Unfortunately,

the reconfiguration of feeders in the microgrids is not well

studied by the researchers in comparison with the rich lit-

erature of microgrids with static structure. In [40], feeder

reconfiguration is used to minimize the power losses in the

microgrid. Neglecting RESs and the uncertainties of these

DERs are some of the main shortages of this work. In [41],

the positive role of reconfiguration in decreasing the AC

microgrid vulnerability and increasing the operation quality

are addressed. Similarly, the valuable effect of reconfigura-

tion on minimizing the cost of AC microgrid is investigated

in [42]. While these research works have studied the sub-

stantial role of the reconfiguration strategy in microgrids,

none of them have considered the switching costs due to the

reconfiguration. In addition, none of the above works have

addressed the effect of wide spread electric vehicle charging

and discharging demands on the optimal switching scheme of

hybrid microgrids. This is a vital issue considering the very

rapidly growing market of electric vehicles in the modern

human life.

All things considered, within a smart environment,

the security of the data related to the energy transactions if

not properly remarked, will lead to the unauthorized malev-

olent accesses to the system. The necessity of providing a

secure and transparent environment for energy transactions

in the power system has been a matter of dispute among the

researchers over the last few years.Meanwhile, the possibility

of providing a secure energy transaction environment using

blockchain technology has attracted much attention. In [43]

the concept of blockchain is used to block cyber-attacks

and providing a transparent energy transaction environment.

In [44] the concept of blockchain is used in the smart cities

in order to provide a secure energy transaction framework.

Similar approach provided in [45]. In this regard, the authors

introduced a hybrid structure which is a combination of cen-

tralized and decentralized schemes. However, there is still

the possibility of data attacks exist due to the cyclic form of

the blockchain and interdependency of the data blocks [46].

Authors in [46] tried to remove this drawback by proposing a

directed acyclic graph (DAG) approach which will effectively

reduce the chance of getting affected by the cyber attackers.

Considering the above explanations, to deal with these

issues, this research work inspects the optimal operation of

reconfigurable smart hybrid AC-DC microgrids considering

charging and discharging of plug-in electric vehicles (PEVs)

along with different types of RESs either dispatchable or non-

dispatchable resources [47]–[50]. In addition, it considers

a complete holistic for the PEMFC power plant to supply

the thermal-electric loads. The proposed model recovers the

thermal power generated by the FC stack and constructs a

combined heat and power (CHP) system tomeet some portion

of the microgrid thermal load demand. In addition, it consid-

ers the hydrogen production ability of PEMFC to improve its

overall efficiency. The target is minimizing the total cost of

hybrid AC-DC microgrid operation incorporating the cost of

power generation by dispatchable and non-dispatchable units,

cost of power exchange between the microgrid and the power

company, cost of unit start-up or shut-down, cost of switching

and cost of charging/discharging of PEVs. In order to alter

the consuming role of PEVs into an active role for reducing

the microgrid total cost, the vehicle-2-grid (V2G) technology

is used here. In addition, the cost of battery degradation is

considered to avoid high discharging cycles in the PEVs.

A stochastic framework is developed to include the high num-

ber of uncertain parameters including the photovoltaic (PV)

and wind turbine (WT) power, the main grid power price,

the operating temperature of the PEMFC, the natural gas

price, the price for hydrogen selling, and the pressure of the

H2 and O2 in the fuel cell stack. With the aim of model-

ing the effects of this high number of uncertainties in the

problem, a stochastic framework using point estimate method

is devised [51]. The proposed stochastic method replaces

each uncertain parameter with a proper probability density

function (PDF) and then extracts some concentration points

out of these PDFs to solve the problem. As a result of the

high complication, nonlinearity and mixed-integer nature of

the suggested problem, a new optimization algorithm based

on teacher learning algorithm (TLA) is devised to solve the

problem optimally. TLA is a heuristic optimization algorithm

stimulated from the teacher and students interactions in a

class [52]. Furthermore, a two-phase modification scheme is
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TABLE 1. A breif compariosn between references.

devised which helps to raise the diversity of the algorithm and

avoid premature convergence. Table 1 summarizes the above

explanations.

As can be seen, this paper provides some significant nov-

elties compared to the previous works. However, it is much

more make sense to summarize the main contributions of the

paper as follows:

1) Considering a complete economic model of PEMFC

power plant in the optimal operation of reconfigurable hybrid

microgrids.

2) Assessing the effect of PEVs on the optimal operation of

hybrid AC-DC microgrids with V2G technology in a recon-

figurable structure.

3) Introduction of a stochastic scheme based on TLA and

point estimates to capture the uncertainties of the problem.

4) Introducing a novel two-phase modification scheme for

TLA to increase its convergence rate and avoid premature

convergence.

5) A secured energy and data transaction framework con-

sidered for the proposed smart AC-DC hybrid microgrid

based on the DAG approach in order to improve the security

and authenticity of the proposed energymanagement scheme.

The merits and substantial performance of the proposed

method are assured on a reconfigurable smart hybrid AC-DC

microgrid.

II. RECONFIGURABLE SMART HYBRID AC-DC

MICROGRID TECHNOLOGIES

This section explains the technology and components of

hybrid AC-DC microgrids.

A. HYBRID AC-DC MICROGRID STRUCTURE

Hybrid microgrid is a promising solution to support of smart

grid idea in the modern power grid architecture. Fig. 1 dis-

plays the schematic plan of a hybrid AC-DC microgrid.

From Fig. 1, it is seen that a hybrid microgrid consists of

two main parts of AC and DC combined in a uniform grid

shape to support both AC and DC units, storages and electric

consumers. The DC part of the hybrid microgrid is very

suitable for connecting the DC loads like laptops, mobile

chargers, electric vehicles, etc as well as DC generators such

as PVs and FCs. On the other side, the AC part is compatible

with AC loads such as motors and AC generators like micro

turbines (MTs) and WTs.

FIGURE 1. Representation of the test hybrid AC-DC microgrid.

The direct connection of AC and DC technologies into the

AC and DC component of the hybrid microgrid reduces the

technical power losses and the investment costs due to omit-

ting many power electronic converters [6]. Specially, for the

newly emerging technology of PEVs with the capability of

both charging and discharging, the hybrid microgrid idea

seems to be a very appropriate concept for the very supporting

of these devices. The fast growth of RESs and PEVs clearly

advocate the high success of the hybrid microgrids in the

future electricity market.

B. PEV TECHNOLOGY

Each PEV fleet has some travel patterns which can be

determined according to their starting point, ending point,

departure and arrival times, and charging patterns [49]. The

significant point is that these features can be bundled to the

microgrid operation. With the purpose of changing the just-

consuming role of PEVs into an active role for helping the

microgrid for reducing its costs, the V2G technology can be

used. In fact, the driver can let its electric car attend the V2G

plan when being unused in the parking at any hour of the

day. But still we should keep in mind that the PEV should

have adequate energy stored for daily travels. Also, to avoid

fast aging of battery, its depth of discharge (DoD) should

not exceed 80%. These aging costs should be considered as

an indirect cost of V2G which needs to be incorporated in

the cost function. To this end, Wöhler diagram shows the

maximum number of charge-discharge cycles that a battery

can have before dying. Technically, the number of battery

cycles before failure is calculated as follows:

Ncycle(DoD) = κ1.DoD
κ2 (1)

where κ1 and κ2 are constant values adjusted according to

the battery type. Table 2 reveals Wöhler diagram settings for

some dissimilar batteries.

Having the Wöhler curve in hand, the battery degrada-

tion fee for DoD = 0 to a particular DoDs is estimated as
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TABLE 2. Wöhler parameters for four battery types [21], [22].

FIGURE 2. Basic PEM-FC operation.

follows [5]:

Cd (0,DoDs) =
CBat × DoDs × Ebat

Nc(DoDs)
(2)

Therefore, the cost of battery failure from the initial DoDi
to an end DoDf is computed as follows:

Cd (DoDi,DoDf ) = Cd (0,DoDf ) − Cd (0,DoDi) (3)

C. RECONFIGURABLE STRUCTURE

In a hybrid microgrid, remotely control switches come in two

types, namely tie switches that are routinely open switches

and sectionalizing switches that are routinely closed switches.

By the use of these switches in a hybrid microgrid, one

can revise the power flow pathway in the grid to reduce

active losses and operation costs, improve reliability and

resiliency, enhance the voltage profile and increase the power

balance among different feeders. Nevertheless, due to the

simple rule of avoiding high complexity in the distribution

system protection, any loop needs to be opened through one

of the remotely controlled switches located inside the loop.

In a hybrid microgrid, the remotely control switches can

play a more significant role by providing a better power

dispatch opportunity when releasing feeder capacity from

getting congestion issues. In addition, they can support the

high penetration of RESs as well as PEVs by moving heavy

loads from one feeder to another one, making space for higher

power flow. In order to make use of all these benefits, recon-

figuration strategy needs three main components: 1) actuators

(controlling tie and sectionalizing switches), 2) communi-

cation system and 3) control center. While switches can be

controlled either manually or remotely, the remotely control

scheme is preferred since it provides more benefits due to fast

operation.

D. FUEL CELL ECONOMIC MODEL

Proton exchange membrane FC, also named polymer elec-

trolytemembrane FC, is a structure type of FC being designed

for clean production of electricity in electric grids and trans-

port applications. Owing to some special characteristics like

low temperature (80-100◦C), quick start-up, and very little

noise and emission; PEMFC power plant is one of the best

types of FC for the residential applications [51]. Fig. 2 dis-

plays a schematic diagram of PEMFC. The fuel of the

PEMFC is hydrogen H2 that is supplied by the reformer.

A PEMFC changes the chemical energy of the fuel, the hydro-

gen H2, and an oxydizer, the oxygen O2, into the electrical

power. On the cathode and anode of each cell, H2 reacts with

oxygen O2 to create an electro-chemical reaction as follows:

On Anode: H2 → 2H+ + 2e−

On Cathode:
1

2
O2 + 2H+ + 2e− → H2O (4)

Combination of the cathode and anode reactions results in the

FC inside reaction as below:

1

2
O2 + H2 → H2O (5)

As it can be seen from the electro-chemical reaction, the FC

output is the generation of electrons (electricity) and H2O

(vapor water). The flow of electrons on each particular cell

creates the output voltage (VFC ) as [51]:

V FC = ENernst − V act − V con − V ohmic (6)

ENernst = 1.229 + 4.31 × 10−5 × T

×

[

ln(PH2 ) +
1

2
ln(PO2 )

]

− 0.85 × 10−5 × (T − 298.15) (7)

V act = −[ξ1 + ξ2T + ξ3T ln(CO2 ) + ξ4T ln(iFC )] (8)

CO2 =
PO2

5.08 × 106 × e(−498/T )
(9)

V ohmic = iFC × (Relect + Rprot ) (10)

V con = −B× ln(1 −
J

Jmax
) (11)

E. ELECTRIC POWER GENERATION

In the proposed model, a reformer is considered to extract

hydrogen from the fuel with hydrocarbon. The fuel stack is

fed by hydrogen, oxygen (air), and water for cooling and gen-

erates the output products including hot water and electricity.

As seen in (3), each single cell generates a voltage calledV FC .

Considering a number of series cells, the total output voltage

at the stack terminal is V T . Therefore, the electrical power

generated by the cell on the load side is computed as:

P = V T × iFC (12)

F. HYDROGEN PRODUCTION STRATEGY

The amount of hydrogen generated by the reformer is par-

tially deployed directly by the fuel stack to generate elec-

tricity and is partially stocked in the hydrogen tank for the
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future demands. The core concept for considering hydrogen

production in the economic model is to employ the unused

FC capacity once the electric load consumption is less than

the maximum capacity of the FC. To make it compatible

with our electric system, PH is defined as the equivalent

electric power that hydrogen can generate at a time interval.

The hydrogen mass rate of MH2 (in kg/s) is required to

generate the amount of PH (kW) energy using the following

equation:

MH2 = 1.05 × 10−8

(

PH

V FC

)

(13)

The amount of the produced equivalent hydrogen can change

in the range zero to PH−max wherein PH−max is the difference

between the FC stackmax capacity and its production. During

the hours in which the thermal demand is high, the hydrogen

produced is deposited in the hydrogen tank. This deposited

hydrogen can be used for the generation of electricity at low

thermal load hours. The unused hydrogen is sold at the end

of the day. This is an economical scheme to reduce microgrid

costs. The hydrogen equivalent power stored in the hydrogen

tank is computed as:

PHstt = PHst(t−1) + PHt × ηst − P
H−usage
t (14)

G. THERMAL RECOVERY STRATEGY

During the operating period of the reformer, thermal energy is

an unwanted output generation of the PEMFC. Since PEMFC

is load-dependent, this event becomes more touchable when

it is working with its high capacity. In fact, the thermal energy

produced at full load becomes comparable with the amount

of electric energy produced at this period. By recovering the

thermal energy produced by the reformer, a CHP system

is devised that can effectively support part of the thermal

demands in the microgrid. The amount of generated thermal

is calculated as follows:

Ptht = rTE ×
(

PHt + Pt

)

(15)

Considering thermal power recovery as well as hydrogen

generation, the overall efficiency of PEMFC is given by:

ηtott =
Pt + ηst × PHt + min

(

Ptht ,PDtht
)

Pt+P
H
t

ηt

(16)

where η is the FC basic efficiency (ignoring thermal and

hydrogen) which is a function of the part load ratio (PLR).

III. OPERATION FORMULATION OF RECONFIGURABLE

HYBRID AC-DC MICROGRID

This section gives the problem formulation consisting of the

cost function and constraints.

A. PROBLEM OBJECTIVE

As previously mentioned, the microgrid encompasses differ-

ent segments; the total cost of the microgrid operation would

be a sum up of all its segments’ costs. These costs are the

cost of power supply by DERs, cost of supply to storage

unit, power purchased bymicrogrid from the power company,

startup and shutdown, switching and V2G technology which

can be provided as follows:

Min E(Cost) = CostDG + CostST + CostGrid + CostPEV

+CostSW + CostFC (17)

Cost terms are explained as follows (the operator E shows the

expected value):

CostDG =

NT
∑

t=1

{

Ng
∑

i=1

[utiE(P
t
Gi
)BtGi+S

on
Gi

max{0, uti − ut−1
i }+

Soff
Gi

max{0, ut−1
i − uti }} (18)

CostST =

NT
∑

t=1

Ns
∑

s=1

E(Ptsj)B
t
sj (19)

CostGrid =

NT
∑

t=1

E(PtGrid )B
t
Grid + ρ × Ptloss (20)

CostPEV =

NT
∑

t=1

Nv
∑

v=1

utvB
t
PEV ,vE(P

t
v)+

Ndis
∑

k=1

Ck
d (DoDi,DoDf )

(21)

CostSW =

NRCS
∑

l=1

N sw
RCS,lλRCS (22)

CostFC =

NFC
∑

m=1

[Btm
utm[E(P

t
m) + E(PH ,t

m )]

ηtm

+ SonFC,mmax{0, utm − ut−1
m } +

Soff
FC,m

max{0, ut−1
m − utm} + Bth,tm

× max
{

E(PDth,tm ) − E(Pth,tm ), 0
}

+

utmB
pump,t
m ηstmE(P

H ,t
m )

+ αm + φm

(

1−exp

(

t
off
m

τm

))

−BHsm E(PH ,end
m )]

(23)

In the above formulation, (18) covers the cost of power

generated by DERs (except FC which is discussed in more

detail in (23)) and startup and shutdown cost. The startup

and shutdown cost are covered by the term max{0, uti −ut−1
i }

whichmakes the startup cost Son
Gi

to be imposed to the problem

if and only if the generator is off at t-1 and on at t . Same defi-

nition is valid for the shutdown cost Soff
Gi

if the generator is on

at t-1 and off at t . Equation (19) calculates the battery storage

energy cost, (20) calculates the cost of power bought from the

power company. Equation (21) is made up of two different

terms. The first term defines the cost of PEVs’ exchange

power. The second one expresses the aging cost of the bat-

teries due to their consistent charging/discharging cycles.

Equation (22) evaluates the aging cost of switches during the
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reconfiguration wherein the number of switching operations,

i.e., either opening or closing, is calculated. Equation (23)

calculates the cost of power generated by PEMFC which

comprises of seven different terms. The first term shows the

cost of electric power produced by PEMFC. The second and

third terms are the cost of startup and shutdown, respectively.

Cost of fuel supply for the thermal loads is represented by

the term number four. The fifth term indicates the cost of

pumping hydrogen into the system and the cost of cold and

hot start-up are shown by the terms number six and seven.

The last term in (23) shows the benefit of selling additional

hydrogen to the grid at the end of the day.

B. PROBLEM CONSTRAINTS

The above cost function is optimized considering the techni-

cal operation constraints as explained in the rest.

-Electricity Load and Power Balance: A hybrid microgrid

has an AC area and a DC area. In the DC area, the power and

demand load balance is preserved as follows:

Ng
∑

i= 1

E(PtGi) +

Ns
∑

j= 1

E(Ptsj) +

NFC
∑

m=1

E(Ptm)+E(P
t
Grid )

=

NLoad
∑

k = 1

E(PtLoad,k ) (24)

In the AC sector of the microgrid, the generation and

demand balance constraint is preserved as:

E(PInj,tm )=

NB
∑

n=1

E(V t
m)E(V

t
n)Ymn cos

(

2mn+E(δ
t
m)−E(δ

t
n)
)

(25)

E(QInj,tm )=

NB
∑

n=1

E(V t
m)E(V

t
n)Ymn sin

(

2mn+E(δ
t
m)−E(δ

t
n)
)

(26)

- DESs Capacity Limit:

PtGi,min ≤ E(PtGi) ≤ PtGi,max

Ptsj,min ≤ E(Ptsj) ≤ Ptsj,max

PtFCm,min ≤ E(Ptm) ≤ PtFCm,max

Ptgrid,min ≤ E(PtGrid ) ≤ Ptgrid,max (27)

- PEMFC Hydrogen Generation Capacity:

0 ≤ PHmt ≤ PH−max
mt (28)

- Storage Unit Limits:

E(W t
ess
) = E(W t−1

ess
) + ηchargeE(Pcharge)1t

−
1

ηdischarge
E(Pdisch arg e)1t











Wess,min ≤ E(W t
ess
) ≤ Wess,max

E(Pcharge,t ) ≤ Pcharge,max

E(Pdischarge,t ) ≤ Pdischarge,max

(29)

- Spinning Reserve:

Ng
∑

i= 1

utiE(p
t
Gi,max)+

Ns
∑

j= 1

utjE(p
t
sj,max)+

NFC
∑

m=1

utmE(p
t
m,max)+. . .

E(Ptloss)E(p
t
grid,max) ≥

NLoad
∑

k = 1

E(PtLoad,k ) + E(Ptloss) + Rest

(30)

- Feeder Capacity:

|E(S
Line,t
i )| < SLinei,max (31)

- Bus Voltage Limit:

Vmin
m ≤ E(V t

m) ≤ Vmax
m (32)

- Keeping the Microgrid Radiality: To avoid loop formation

and at the same time avoiding making any bus islanded, (33)

is considered. Therefore, for any loop including β lines, only

β − 1 lines can remain charged:
∑

q∈Q

wit = βq − 1 (33)

The symbol w can take 0 or 1 representing the line status of

open or closed, respectively.

- PEV Charge/Discharge/Idle Mode of Operation:

utc,v + utd,v + uti,v = utv (34)

- PEV Fleet Maximum/Minimum Charging Rate:

utc,vP
min
c,v ≤ E(Ptc,v) ≤ utc,vP

max
c,v (35)

utd,vP
min
d,v ≤ E(Ptd,v) ≤ utd,vP

max
d,v (36)

- PEV Energy limits:

E(Entv)=E(Eniniv )+

t
∑

m=1

(umc,vE(P
m
c,v)ηc,v−u

m
d,vE(P

m
d,v)ηd,v)

−

t
∑

m=1

(1 − umv )E(En
m
D,v) (37)

- PEV Fleets’ Energy Capacity: Each PEV fleet can provide

a maximum amount of energy to discharge into the hybrid

microgrid at each hour as (38)-(39). Also, it is assumed that

the amount of PEV energy at the first hour and the last hour

of the day should stay the same as (40):

E(Ptv) = E(Entv) − E(Ent−1
v ) (38)

Enmin
v ≤ E(Entv) ≤ Enmax

v (39)

E(Enfinv ) = E(Eniniv ) (40)

- Initial PEV Fleet Energy:

Ent
′

v = Enmax
v (41)

To make it crystal clear, Fig. 3 depicts the inputs, outputs

and the methodology.
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FIGURE 3. The methodology, inputs and outputs of the model.

Also, the microgrid is a radial system; hence, the operation

cost due to the active loss of the AC system is unavoidable

and can be represented as follows:

CostLoss_MG =

NL
∑

L=1

(

RL × I2L

)

× CLoss_MG (42)

IV. STOCHASTIC FRAMEWORK BASED ON

MTLA AND POINT ESTIMATES

This section explains two elements of the proposed stochastic

framework, namely MTLA and PEM which are explained in

the rest.

A. POINT ESTIMATE METHOD

The point estimate method has found much popularity due to

its powerful ability and accuracy in modeling the uncertainty.

The original point estimate method needs 2υ algorithms to

find the statistical moments of an uncertain data [52], [53].

Here υ is the quantity of problem uncertain parameters.

In [54], Hong simplified the point estimate method by lessen-

ing the number of runs from 2υ toK andKυ+1, whereinKυ

is Hong’s scheme. Lastly, in [55], Su showed that Hong’s 2υ

scheme is the most appropriate method for usage in the power

flow problem. The main feature of 2υ point estimate method

is that it is constructed on the statistical data of the uncertain

parameter counting the average, variance and skewness to

model the uncertainty. In this regard, it first replaces the

uncertain parameter with a fitting PDF. Then the stochastic

problem is changed to 2υ deterministic sub-problems with

different probability levels. So as to develop themathematical

formulation, the problem equations are supposed as a nonlin-

ear function:

S = F(z) (43)

Based on (43), the feeding uncertainty z is reflected to the

output results S over the nonlinear equation F . To include

the uncertainty in the problem, the uncertain parameter zl
is replaced with a proper PDF fzl . Considering the mean,

standard deviation and skewness value of the PDF, 2υ point

estimate method extracts two concentration points zl1 and zl2
as follows:

zlk = µl + ξlk .σl k = 1, 2 (44)

ξlk =
ϒl3

2
+ (−1)3−k

√

√

√

√

υ −

(

ϒ2
l3

2

)2

k = 1, 2 (45)

The skewness parameter ϒl3 is evaluated as below:

ϒl3 =
E
[

(zl − µl)
3
]

(σl)
3

(46)

Each concentration point constructs a deterministic frame-

work in which the stochastic problem is solved. Finally,

the standard deviation and the expected value of the output

Si is computed:

σ =
√

var(Sj) =

√

E(S2j ) −
[

E(Sj)
]2

(47)

E(Ssj ) =

υ
∑

l=1

2
∑

k=1

(
1

2υ
× Ssj (µ1, µ2, . . . , zlk , . . . , µυ )) (48)

B. MODIFIED TEACHER LEARNING ALGORITHM

Owing to the hard, constraint and nonlinear nature of the

formulation explained in section III, a novel optimization

algorithm based on MTLA is presented in this part. TLA is a

metaheuristic optimization algorithm mimicking the teacher

and student relationships in a class. The main feature of TLA

is having few adjusting parameters and high search ability

for solving mixed-integer nonlinear optimization problems.

In TLA, the population is divided into two groups of teachers

and students. Similar to the other meta-heuristic algorithms,

an initial population is created. Once computing the cost

objective of all members, the best one is set as teacher XT .

From now on, the algorithm makes use of two stages to

upgrade the population for several iterations. These two

stages are termed teacher stage and student stage. At the

teacher stage, the teacher tries to help students progress their

knowledge. In the learner stage, students try to improve their

knowledge amongst themselves by interaction, discussion,

etc. Each of these two stages is simulated mathematically as

follows:

Teacher stage: In order to simulate this phase, first the

average of the class is calculated MS . Then, the mean of the

population is moved toward XT as follows [43]:

MS = [m1,m2,m3, . . . ,mN ] (49)

X Iter+1 = X Iter + γ1(XT − TFMS ) (50)

If the current position is superior to the old one, then replace

it. Here TF is an accelerating parameter getting 1 or 2,

randomly.

Student stage: For simulating the learner phase, the inter-

action among friends in a class should be simulated.
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FIGURE 4. Flowchart of the proposed MTLA.

Therefore, for any two random individuals Xi and Xj, the fol-

lowing math operation is implemented:

for i = 1:NP
If F(X Iteri ) ≺ F(X Iterj )

X Iter+1
i = X Iteri + γ2(X

Iter
i − XIter

j ) (51-a)

If F(X Iteri ) ≺ F(X Iterj )

X Iter+1
i = X Iteri + γ3(X

Iter
j − XIter

i ) (51-b)

End if

End for

The flowchart of the algorithm is shown in Fig.4. This

paper proposes a new modification method for TLA to

empower the search ability of the algorithm and reduce the

possibility of premature convergence. The proposed two-

phase modification method is explained in the rest:

Modification method one: This modification technique is

built based on the crossover operator and mutation operator

from GA. It can increase the students’ diversity and thus

reduce the possibility of premature convergence. For each

student Xi, three random solutions Xs1, Xs2 and Xs3 are picked

randomly in the way s1 6= s2 6= s3 6= i. Therefore, a mutated

solution can be produced as follows:

Xmut = Xs1 + γ4 × (Xs2 − Xs3) (52)

Using the crossover operator, three test solutions can be

generated as below:

x test1j =

{

xmut,j if γ5 ≤ γ6

xT ,j if γ5 ≤ γ6

x test2j =

{

xmut,j if γ6 ≤ γ7

xs,j if γ6 ≤ γ7

X test3 = φ × XT + λ8 × (XT − Xmut ) (53)

The most optimal solution among X test1, X test2, X test3 and

Xs is located in the population. This process continues until

the time that all the class is updated.

Considering the fact that the optimization algorithms are

highly dependent to the systems’ sizes and numbers of vari-

ables, most of the methods are not able to find the global

solution when faced with high number of variables in the

problem. In contrary to such methods, the proposed MTLA

algorithm is highly effective in case of complex problem with

high number of variables.

C. SOLUTION PROCEDURE

In order to apply the point estimate method andMTLA on the

proposed formulation, these steps are required:

Step 1: Enter the hybrid microgrid information including

the branch data, bus data, voltage level, DGs characteristics,

etc, the optimization algorithm data (student population size

and termination criterion) and stochasticmodel (themean and

standard deviation of the uncertain parameters).

Step 2: Initialize the student population. Each stu-

dent X represents a feasible solution for the problem in

hand.

Step 3: Calculate the expected value of the cost func-

tion (17) based on point estimate method. To this end, equa-

tions (44)-(48) are implemented to find the expected value of

cost function.

Step 4: Choose the solution with the least expected cost

function value as teacher XT and store it.

Step 5: Apply the teacher phase as in (49)-(50) to improve

the student population.

Step 6: Apply the learners’ phase as in (51) to improve the

student population.

Step 7: Apply the modification phase as in (51)-(53) to

improve the student population.

Step 8: Update the teacher according to the new improved

population.

Step 9: Check the termination criterion, if satisfied finish

the algorithm and go to the next step otherwise return to

step 5.

Step 10: Finish the algorithm and publish the results.
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V. DAG BASED SECURITY FRAMEWORK

The concept of centralization of authority suffers from the

absence of transparency of the data-sharing mechanism

among the third party nodes. Blockchain basically created

to provide a secured, transparent and trusted data transaction

between untrusted entities in a system. Blockchain is a dis-

tributed ledger which is powered by the nodes of the system

which hold the transactions of the ledger processed by the

nodes of the system. The underlying of the distributed ledger

is the blockchain technology through which the transactions

are gathered into data blocks and broadcasted across the

system comprises of the proposed nodes. The chain of the

data blocks forms the blockchain concept. The each new

transaction in the system will be added to the list of records

held by the blockchain in the form of data blocks. The con-

secutive data blocks are linked together and secured using the

cryptography. The data blocks have different sections as can

be seen in Fig. 5. In this regard, each new data block is sealed

with a hash code which is the hash version of the previous

block’s header [43]. On the other hand, the header of the

previous block will be turned into a hash address and attached

to the new data block. Such correlated mechanism enhances

the security of the shared data within the system and frustrates

any malicious unauthorized access, target of which is either

to inject any useless data or change the data blocks since it

will be immediately inferred by the nodes.

FIGURE 5. Illustrative representation of Blockchain structure.

Recently, the concept of blockchain is adopted by the

researchers for enhancing the security of the energy and

data transactions within the power systems. In this regard,

the power system’s agents either the producers or demands

are considered as the nodes of the system where they should

broadcast the data related to their transactions through the

data blocks to the blockchain which the agents are capable

to access and make the transactions transparent. Although

the blockchain improves the safety of data transactions, still

some challenges exist with such technology. One issue is that

the accuracy of calculating the hash addresses (HAs) will be

decreased in a system filled with nodes and agents. Another

issue is that there still the possibility of unauthorized access

exists due to the cyclic form of the blockchain through a

third party entity. To remove these weaknesses, the concept

of directed acyclic graph (DAG) approach is provided by

the researchers in energy-oriented environments [46]. The

DAG approach enables the data blocks to be transacted in

a proper categorized based manner. In this regard, the DAG

approach enables the public, private and transaction data of

the agents of the system to be broadcasted through the public

blockchain, private blockchain and transaction blockchain,

respectively. The public blockchain holds the public informa-

tion of the agents which is transparent and open for any other

third-party entity. On the contrary, the private blockchain is

only accessible for a few nodes of the system which demands

the credibility of the nodes if any of the nodes decide to add a

new data block. The transaction blockchain handles the data

related to the transactions between the agents. On the other

hand, any transaction between the nodes of the system will

be broadcasted to the transaction blockchain.

Please note that this paper is proposing a new architecture

for hybrid AC-DC microgrids to consider the cyber-physical

requirements of energy management in these systems. Keep

it in the mind that most of the available works in the area

of energy management of hybrid microgrids have only con-

sidered the physical layer, the security of data transaction in

practical cases is so vital. This necessitates considering the

cyber layer, appeared as a DAG based approach, in the analy-

sis. The numerical results are not affected if the cyber layer is

ignored as long as it is assumed that all data transactions are

secure and have not been compromised or changed. Without

a reliable and secure data transaction scheme, it is always

possible that the entire energy management be affected by

malicious players. Therefore, apart from the energy manage-

ment scheme of the paper (so-called physical layer), a secured

data transaction framework (cyber layer) is also provided

in this paper and these two concepts are interrelated. This

provides a secure platform for the data related to the energy

transactions in the hybrid AC-DC system.

FIGURE 6. DAG based data transaction within smart hybrid AC-DC.

In this paper, the concept of DAG approach is provided

for the proposed hybrid AC-DC microgrid. Fig. 6 depicts the

detail of the DAG framework among the agents of the system.

As can be seen, the public, private and transaction data of the

nodes will be transmitted independently. The unique cyclic

of the blockchain does no longer remain which will diminish

the possibility of data attacks. In this case, the collected new

data which is intended to be transmitted through a new data

blocSk by the nodes will be formed and secured using merkle

root mechanism and embedded in the block header [43]. The

block header of current data block will be transformed into
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a HA using SHA-256 hash function [43] and served as the

‘‘previous hash’’ of the next data block.

VI. SIMULATION RESULTS

In this section, the proposed approach is tested on a microgrid

considering different types of DERs such as WT, PV, FC and

MT. The test system is the IEEE 33-bus grid including 5 tie

switches and 31 sectionalizing switches. The hybrid micro-

grid has one AC part and two DC parts which are connected

to each other on buses 11 and 28 as shown in Fig. 1. The tie

switches are shown by back dotted line in this figure located at

lines 7-20, 8-14, 11-21, 17-32, and 24-28. The other switches

are kept closed, making the grid ready for reconfiguration.

The DC andAC components of themicrogrid are joint to each

other by means of proper converters. The AC and DC parts of

the microgrid have a voltage level of 12.66 (kV) and 1 (kV),

respectively. The whole data of the grid are provided in [56].

The AC and DC parts of the hybrid microgrid will exchange

power with each other depending on the economic benefits.

The location of DERs is shown in Fig. 5 and their complete

data are provided in Table 3. Regarding the PEVs, two fleets

are considered in the grid with travel paths as shown in Fig. 5.

Other data regarding the time and locations of PEV fleets are

provided in Table 4. The PEV fleet’s capacity and charging/

discharging rates are revealed in Table 5. For reconfiguration,

each switching operation is assumed to cost 1($). There is

one PEMFC located in the hybrid microgrid for which the

complete data are shown in Table 6.

TABLE 3. Characteristics of the DERs in the Hybrid Microgrid.

For the sake of simplicity, similar wind power patterns

are assumed for WT but with different capacities. The fore-

cast values of WT, PV, load demand power factor in DC1,

DC2 and AC parts of the hybrid microgrid and the market

price are shown in Fig. 7. The analysis is done for 24 hours.

In order to have a better comparison, three different operation

cases (OCs) are provided:

OC-1: Optimal operation of the hybrid microgrid ignoring

reconfiguration and detailed PEMFC model.

OC-2: Optimal operation of the hybrid microgrid consid-

ering reconfiguration but still ignoring the detailed PEMFC

model.

TABLE 4. Travel characteristics of PEVs.

TABLE 5. PEV fleet characteristics.

TABLE 6. The characteristics data of PEMFC unit.

FIGURE 7. WT, PV, price and load demand forecast data.

OC-3: Optimal operation of the hybrid microgrid consid-

ering both reconfiguration and detailed PEMFC model.

Table 7 presents the simulation results for all scenarios.

In order to investigate the search ability of the proposed

MTLA and have a better assessment, the results of GA,
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TABLE 7. Cost objective function comparison at three different OCs with
for four different algorithms.

particle swarm optimization (PSO) algorithm and conven-

tional TLA are used as benchmarks. To make it more clarify,

although the GA algorithm is an accurate method, it has a

long running time, due to the high time consuming process

of generating new populations. Also, the accuracy of such

method is highly sensitive to the controlling parameters of

the GA. Please note it that the main feature of MTLA over

the other well-known algorithms such as PSO and GA is that

it does not have any specific setting parameter like weighting

factor and learning factor. The inertia weight w and learning

factors C1 and C2 exist in PSO algorithm, which are the

main control parameters of this algorithm. Through these

parameters, the behavior and efficacy of the PSO method

are determined. As it can be seen from below, the weight-

ing factor w determines the weight of the particle speed in

updating its new position. The learning factors, also called

accelerating factors, determine that howmuch confidence the

particle has on its own self (parameter C1) and how much

confidence a particle has on its neighbors (parameter C2).

In this paper and after several running of the algorithm, for

PSO algorithm, the initial number of particles and generations

equals 40 and 1000 respectively. Also, the maximum velocity

and the inertia weight factor are set 2 and 0.8 respectively.

For GA, the crossover and mutation probability are chosen

0.8 and 0.08, respectively. Also, the initial population equals

60 individuals with 200 iterations. It should be noted that

all algorithms were left to make sure do not show any more

progress in their performance. Therefore, the maximum num-

ber of iterations is according to their most optimal progress.

For MTLA algorithm, there is no specific setting parameter.

The only parameter is the maximum iteration number which

is supposed to 100 and the class size is 25.

By comparing OC3 with OC2 and OC1, the positive roles

of reconfiguration and PEMFC detailed model in reducing

the total costs are clear. In fact, reconfiguration strategy could

alter the power flow path in the hybrid microgrid not only to

reduce power losses but also to provide better opportunity for

DERs to produce power at a more optimal point. For PEMFC,

the lower cost value is due to the thermal power recovery

and hydrogen storage which can both benefit the microgrid,

economically. Also, it is seen that MTLA shows superior

performance than the other well-known algorithms by getting

into more optimal solutions in all cases. This proves the high

search ability of the proposed MTLA.

With the intention of better understanding of the opti-

mal scheduling point of the hybrid microgrid, Fig. 8, 9 and

10 illustrate the optimal power generation of units in areas

DC1, DC2 and AC of the hybrid microgrid. It should be

FIGURE 8. Power dispatch of DERs in area DC-1 of the hybrid microgrid
in OC-3.

FIGURE 9. Power dispatch of DERs in area DC-2 of the hybrid microgrid
in OC-3.

FIGURE 10. Power dispatch of DERs in AC part of the hybrid microgrid
in OC-3.

noted that due to the successful role of reconfiguration and

PEMFC on the microgrid performance, only the results of

OC-3 are discussed in the rest. According to these figures and

in the area DC-1, the PEMFC is producing more than the

other units. The reason is that this unit can generate thermal

power which is recovered in our detailed model and is used

for supplying part of the thermal load. This is discussed in

more detail in Fig. 10. Also it is seen in Fig. 8 that the

battery is charging the first hours of the day at low-price

hours and then discharge later at peak hours when the power

company price is expensive. For RESs such as PV and WT,

they produce with their maximum power capacity due to

the incentive policy of supporting renewable energy. In both

Figs. 8 and 9, the DC areas of the hybrid microgrid could

supply their power demand using their internal DERs at low-

load times, like at the start of the day. But, in the middle of
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FIGURE 11. PEV charging and discharging status in the hybrid microgrid
in OC-3.

the day when the power demand increases, some amount of

power is purchased from the AC area which is shown by the

negative sign in converters. At the AC area of the microgrid

in Fig. 10, it is seen that MTs with the same characteristics

are producing different amount of power. This is due to their

different locations at the microgrid which limits the possibil-

ity of power injection at some hours. Also, since the AC part

of the microgrid does power exchange with both DC areas

as well as the main grid, it is quite a nonlinear relationship

which is determined according to the economical preference

as in (17)-(23).

The PEV fleet power charging and discharging status are

shown in Fig. 11. It is worth mentioning that the positive

values show the charging power and the negative values are

discharging power of the PEVs. According to this figure,

both fleets are charging at the beginning of the day to store

adequate energy for discharging in themiddle of the daywhen

it is too expensive for purchasing power from the main grid.

Obviously, since the EVs in fleet-1 are of higher capacities

than the fleet-2, the EVs are much more occupied in the

operation to make the most out of their free capacities. This

helps the microgrid to cut its operation costs, greatly. Such a

wise economic policy is granted due to the V2G technology

which makes it possible to change the role of PEVs from only

consumers to active players in the grid for producing power.

It is seen that at hours which PEVs are on the road, there is

no charging/discharging happening.

In order to better focus on the PEMFC model, the results

of this unit are specifically discussed in the rest. In Table 8,

the PEMFC efficiency before and after considering hydrogen

generation and thermal recovery are shown. The basic effi-

ciency shows the traditional model of PEMFC when this unit

is only used as an electric power generator. On the opposite,

the ‘‘overall efficiency’’ term shows the PEMFC efficiency

incorporating the thermal power and hydrogen generation

polices. According to these results, the FC efficiency is

improved in all hours, effectively. Such a great improvement

shows the necessity of considering complete economic model

in the analyses.

In order to better see the behavior of PEMFC in support-

ing thermal loads, Fig. 12 shows the comparative plot of

TABLE 8. PEMFC Efficiency Including Hydrogen Generation and Thermal
Recovery in OC-3.

FIGURE 12. Comparative plot of thermal load demand and thermal power
generation by the PEMFC.

FIGURE 13. Hydrogen produced by the PEMFC in OC-3.

thermal load demand and thermal power generation at dif-

ferent hours. According to the bar diagrams, the unwanted

thermal power generated by the FC is now supplying a big

portion of the thermal load at the DC area. This is so eco-

nomical for the microgrid and reduces its operating costs.

Finally, Fig. 13 shows the amount of hydrogen generated by

the PEMFC during the operation time horizon. As mentioned

before, the FC unit can produce and store hydrogen when it

has some unused capacity for power generation. Therefore,

it is seen that the FC is generating hydrogen at the beginning

hours of the day when there is an unused power generation

capacity available. But, in the middle of the day when the

microgrid is heavy loaded, FC uses its maximum capacity to

generate electrical power and helping the microgrid for less

power purchasing from the main grid.

Finally, the reconfiguration results are shown in Table 9.

This table shows the status of open switches, meaning that all
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TABLE 9. Optimal reconfiguration results in the Hybrid AC-DC Microgrid.

TABLE 10. Data block framework for dc-1 microgrid at t = 13.

TABLE 11. Data block framework for dc-2 microgrid at t = 20.

other switches are closed at the corresponding hour. Accord-

ing to these results, there is no loop formed in the microgrid

and still tie and sectionalizing switches are changing, often.

As it was mentioned before, a secure energy management

framework is considered in this paper within the proposed

smart AC-DC hybrid microgrid. In this study, the DC-1,

DC-2 and AC microgrids are considered as three different

agents of the system underlying the proposed DAG-based

security framework and intend to transact their energy and

data among themselves. The public transaction is a record

holds the public information of the agents and is accessi-

ble for a third-party entity. There is a unique transaction

blockchain to which the data related to all energy transac-

tions that two different agents have, will be broadcasted and

then recorded. On the other hand, each data block in the

transaction blockchain holds the data related to two differ-

ent agents’ energy transactions which could be the bilateral

energy transactions of AC-to-DC1 or AC-to-DC2. For each

one of the parties (DC-1, DC-2, AC), a private blockchain

is considered which holds the data related to the units of

that party. As previously mentioned, the data blocks form

a chain considering the dependency between the HAs of

TABLE 12. Data block framework for AC microgrid at t = 5.

a new block and the old one generated in previous hour.

For instance, the private blockchain-related to the DC-1 is a

record holds the data blocks related to the PV-1, WT-1, FC-1,

MT-1 and battery. These power units need to broadcast their

information including their price and energy values bidding

values. Tables 10, 11 and 12 show the data block structures

for DC-1, DC-2 and AC microgrids at t = 13, t = 20 and

t = 5, respectively.

VII. CONCLUSION

This paper proposed a secured architecture for the opti-

mal operation of smart hybrid AC-DC microgrids consid-

ering different RESs such as WT and PV, high penetration

of PEVs, reconfiguration strategy and a detailed model of

PEMFC. The proposed framework makes use of a stochastic

approach based on MTLA and PEM to solve the optimal

power scheduling in the hybrid microgrids, properly. Com-

pared to the Monte Carlo method, the PEM approach is a

faster method and the accuracy of which is acceptable for the

process. A proper DAG-based data transaction framework is

proposed within the smart hybrid AC-DCmicrogrids in order

to enhance the transparency and security of the system. The

simulation results on an IEEE test system show the signifi-

cance of considering thermal power recovery and hydrogen

generation in the FC model for supporting part of the thermal

demand. Also, it is seen that V2G technology can help for

converting the just-consuming role of PEVs into an active

role which can store energy at some hours and discharge at

later hours, when heavy loaded time. The collaborative power

supply of the DC and AC parts of the smart hybrid microgrid

provides better power dispatch of units by exchanging power

at different hours of the day. From the optimization point of

view, the high search ability of the MTLA over GA, PSO

and original TLA was demonstrated too. It is also shown

that the proposed DAG-based framework is able to effectively

enhance the security level of energy and data transactions and

diminish the possibility of unauthorized accesses. All things

considered, in this work, there has been a secure energy

management scheme is provided in which the main agents of

the network (DC-1, DC-2, and AC) are able to have effective

energy transactions.

It should be noted that WT and PV efficiency and their

models are ignored here but will be addressed in the future

works.
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