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ABSTRACT:

The modelling, control, energy management, and
operation of a hybrid grid-connected system with a fuel
cell (FC), an electrolyser, and a photovoltaic (PV)
battery energy storage system (BESS) are all covered
by the proposed study. It has been suggested to create a
hybrid PV-Wind-FC system with an electrolyser made
of BESS and the fewest converters and control loops
possible. By doing away with the PV converter, the
suggested hybrid system offers an affordable way to
include PV into a hybrid system. This includes
designing controllers for grid-connected hybrid
systems that have an FC with an electrolyser as a
tertiary source, a BESS as a secondary source, and a
distributed generator that is renewable (wind and
photovoltaic). Additionally, in order to achieve
sufficient phase margin and totally eliminate steady
state error, the lead compensator and integrator are
employed. Iz introduces phase shift ¢s at a cross gain
frequency (wcut) and boosts the controller's stability.
When connected to the grid, the Grid Side Controller
(GSC) has the ability to handle the utility grid's
frequency. PV power is optimised in the suggested
arrangement and fed into the grid via GSC. The grid
station's load sharing is supported by the Rotor Side
Converter (RSC) and GSC. Furthermore, the effect of
the intermittent nature of electricity produced by PV
and wind is eliminated by the suggested BESS
controller that coordinates with FC. Hydrogen is
produced by the electrolyser using surplus electricity
produced by renewable distributed generating. When
adverse weather conditions prevent sufficient power
generation, FC uses this hydrogen again. The purpose
of the energy management has been to minimise the
intermittent and fluctuating nature of wind and
photovoltaic sources, meet the load profile, and prevent

BESS overcharging. Service continuity and consistent
power supply are ensured by this approach.

The suggested hybrid system's efficiency in comparison
to the traditional hybrid system documented in the
literature is validated by the Simulink model findings.
Using a MATLAB Simulink model, the suggested
system and analysis have been modelled and presented.
Finally, a comparison between the system's energy
management and that of the conventional power system
has been made.

I. INTRODUCTION

Life has become much easier and more
uncomplicated with the rise in domestic appliances that
perform basic activities. on the other hand, as more
household appliances become electric, the demand for
electricity is rising. The production of power is always
rising to meet the demand for electric power. To meet
demand, more renewable and non-renewable generation
are added to the power network. The power flow
architecture is made more complex in different ways by
each type of conventional and non-conventional source.
Governments are working to integrate renewable energy
sources into the national grid in order to supply the whole
demand for electricity, as environmental concerns have
grown over the past few decades. The current design for
clean and green energy generation incorporates
renewable energy sources, such as PV, FC, ultra-
capacitor, WT, geothermal, etc. [1], [2]. Due to their low
installation costs and high power-to-cost ratio, solar and
wind energy are the most widely used renewable energy
sources. These sources are used globally in a variety of
configurations because they don't require fuel, unlike
fuel cell stacks and biogas, etc. [3], [4], and [5]. The
current design for clean and green energy generation
incorporates renewable energy sources, such as PV, FC,
ultra-capacitor, WT, geothermal, etc. [1], [2]. Due to
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their low installation costs and high power-to-cost ratio,
solar and wind energy are the most widely used
renewable energy sources. These sources are used
globally in a variety of configurations because they don't
require fuel, unlike fuel cell stacks and biogas, etc. [3],
[4], and [5]. Some sophisticated control techniques to
reduce transient oscillations transmitted to the stator
from the rotor side owing to wind speed fluctuations
have been published by Liu et al. [10] and Xu et al. [11].
Nian and Song [12] have presented a voltage
conditioning architecture that smoothes the active and
reactive power generation in a DFIG power generation
architecture by producing smooth transitions and
reducing the harmonics in the current and voltage. PV
arrays are an extremely efficient and manageable kind of
power generating, in contrast to wind power generation.
Unlike wind turbines, there is no noise pollution, no air
pollution, and no mechanical upkeep. With their multiple
gigawatt power generating capability, very large
photovoltaic farms have been established, offering
dependable power generation to fulfil the increasing
demand for electric power [13], [14]. Single-stage or
two-stage topologies are the two major methods used to
integrate PV array electricity into the grid. Comparing
the single stage to the two-stage integration topologies,
the single stage contains fewer converters and power
switches, but the control architecture required to enable
the operation is more complicated. Controlling the
electricity injected into the grid is often accomplished
through the use of the Voltage 23246 Source Inverter
(VSI) scheme.

Hybrid topology power generating has drawn a
lot of interest because of its cost-effective and
environmentally beneficial features. Because they
provide complimentary electricity, PV and wind turbine
power grids exhibit greater stability and may be built in
a variety of weather circumstances [15], [16], [17], and
[18]. Observations show that the two aforementioned
categories of sustainable sources have additional
development options [19], [20], and [21]. In general,
during the day, more electricity is produced by
photovoltaic cells and less power is produced by wind
turbines. However, the amount of PV produced at night
is negligible and almost non-existent because the wind is
moving faster at night than it does during the day, which
results in a considerable increase in the power generated
by wind turbines. The relevant element is also seen at

different times of year. Similar to how wind is less
accessible in the summer, when solar power is greater,
and how wind velocity is higher in the winter, when solar
energy is less practical. This factor has encouraged many
analysts to search for ways to integrate two energy
sources. A few questions about the validity, stability, and
power quality of the entire system are raised by this
assimilation [22]. Electric Energy Storage Systems
(EESSs) provide a viable solution with less power
fluctuation, improved power quality, energy, and less
imbalance due to their renewable energy sources [23],
[24], and [25]. Reasonably priced EESSs may have
provided a vital solution to address the irregularity and
unpredictability of the generation of Renewable Energy
Sources (RES) [26], [27], [28]. Generally speaking,
EESS makes it possible to generate electricity reliably in
situations where alternative power-generating options
are unavailable, costs are high, or demand is high [23],
[29], [30]. Two criteria are used to categorise various
energy storage systems: shape and function. Functional
criteria are used to categorise EESS into two groups:
those with high power ratings, such as supercapacitors,
Super-Conducting Magnetic Energy Storage (SMES),
batteries, and flywheels [30], and those with low power
ratings, such as bulk batteries, solar cells, FCs, and flow
batteries [31], [32], and [33]. Electrical energy may be
stored in a variety of ways depending on its type, such as
chemical, thermal, mechanical, or power, and it can be
converted back into power when needed. In hybrid grid
systems, EESS is the best choice for ensuring
sovereignty and enduring power variability. Thus, it is
imperative that we implement the Hybrid Energy
Storage System (HESS) [34], [35], [36]. Accordingly,
the battery's cycles of charging and discharging have a
big influence on how long these systems last [37], [38],
and [39]. Therefore, to increase the security of the energy
supply from PV and wind turbine systems, a third energy
source is needed. The advantages should guide the
selection of a third power system. There is a possibility
to increase PV systems with wind turbines with just
minor modifications, according to several research in
this field. In order to combine the PV and wind turbine
into a hybrid system, [4] has used a three-phase square
waveform converter. Another three-input dc-dc boost
converter is being offered in [40] in order to focus more
on the DC loads of the hybrid system. However, it is not
logical to expand the aforementioned converters in a
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hybrid system. A system of wind and photovoltaic power
that focuses on the DC voltage's gradual change and the
DC capacitor bank's smaller size was created in [41]. The
state of charge (SOC) of the BESS has been managed in
the systems in [42]and [43] to lessen the output power
fluctuation. New methods for analysing have been
provided by references [44] and [45]. Numerous studies
have been conducted to provide innovative control
approaches for hybrid systems. In order to smooth the
active and reactive output power of hybrid systems, [12]
suggested a modified control algorithm that concentrated
on the fifth and seventh grid voltage harmonics. A two-
layer constant power management strategy for wind
farms with DFIGs has been documented in [46]. The
DFIG DC connection and Super-Capacitor (SC) energy
storage system are connected in this study. For hybrid
RES, new power generation and cost reduction strategies
have been given in [47]. There is just one control loop in
the battery bank's control structure, which is described in
this paper. An incorporated energy share technique
between the battery and SC that is designed was
suggested by the study in [48]. The DC-DC buck-boost
converter is used to connect the battery to the DC bus in
the first topology, and it is eliminated in the second
design. DC-DC converters have also been used to switch
power between DC bus and SC. The study in [49]
outlines a technique for integrating and coordinating the
operation of solar generators (PV) with management of
MPPT and battery storage to provide voltage and
frequency support to an islanded microgrid. In this study,
the battery energy storage system is controlled by the
control loop approach. Furthermore, grid-tied (hybrid)
systems now have PV/MPPT/battery with active power
management and reactive power control included.

The control algorithms show effective correspondence
between MPPT, the inverter's control, and the charging
and discharging of energy storage. Therefore, the
aforementioned investigations primarily concentrated on
the control design and power energy sources
coordination, ignoring the suggested structure's
efficiency and optimality. Additionally, the efficiency of
the hybrid energy system has not been optimised. The
PV converter has been left out of the potential design of
a system with DFIG and PV, which has been presented
by [19]. It should be mentioned that the rating of the PV
converter and its capacity should match. The authors of
this study showed that PV capacity may be much higher

than the grid side controller (GSC) rating. Following the
consolidation of the PV and GSC converters, the new
converter is used more frequently. One way to
implement MPPT in [19] is to manage the DC link
voltage. Nonetheless, there was significant power output
variation with this design, and the DC link voltage saw
significant oscillations under typical circumstances.
Owing to the intermittent nature of PV and wind, the
system's power requirements can be reduced in response
to variations in wind speed and solar irradiation.
Nevertheless, the greatest amount of solar energy cannot
be extracted with this design. Furthermore, GSC's
potential is not being fully utilised.

To meet the short coming of [19]and [50] introduced
BESS to the PV DFIG hybrid system with are duted
control scheme. The oscillations in DC link voltage and
GSC power have been stabilized up to a large extent. In
this proposed configuration utilization of GSC has been
improved and DC bus capacitor size has decreased.
However, charging of the Battery and the discharging of
BESS decreases the life span of batteries. Moreover,
BESS alone cannot cater to the load demand when Wind
and PV supply less power to DC links due to weather
conditions. The battery's lifetime is shortened in this
procedure by repeated charging and draining.
Consequently, in order to support the supply to the grid-
connected system and load, an additional energy source
is required.

This study presents the addition of FC and Electrolyser
as a third energy source to the PV-DFIG and BESS
hybrid grid-connected system. It has been suggested to
use a hybrid PV-Wind-BESS with FC and an electronic
controller that requires the fewest control loops and
converters. The suggested hybrid system does away with
the PV converter, offering a financially sensible way to
include PV into a hybrid system. This covers the design
of controllers for grid-connected hybrid systems that
have an FC with an electrolyser as a tertiary source, a
BESS as a secondary source, and a renewable distributed
generator (wind and PV) as the primary source. The
following are the primary goals of the research and
benefits of the suggested system:

* To create a PV DFIG-BESS configuration that is both
economical and efficient, with fewer control loops
utilising FC and Electrolyser.

* Common AC and DC bus voltage as well as MPPT are
performed by the GSC controller.
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* To reduce GSC power and DC link voltage fluctuation
as much as possible.

* A new architecture for hybrid wind, photovoltaic,
battery energy system, smart grid, and fuel cell that
combines an electrolyser to achieve optimum and
efficient control over the various sources, improving the
quality of power supplied to the AC grid by controlling
the voltage and frequency of the grid and guaranteeing
service continuity.

* Putting in place and integrating the FC and electrolyser
to increase the system's sustainability in situations when
wind and solar PV electricity are dependent on the
weather and when solar power is nil at night. As a result,
BESS cannot provide the load demand on its own under
long-term scenarios with no wind and solar PV or low
wind and solar circumstances.

* To ensure steady functioning of the DC side while
providing frequency assistance to the AC side.
* To show how well the suggested configuration works
with MATLAB Simulink.

The remainder of the paper is arranged as follows:
Section 1l provides an explanation of the proposed
hybrid grid-connected system. System modelling and
control are illustrated in Section Ill. Section IV covers
energy management. The findings and system simulation
are shown in Section V. Section VI has the conclusion.

Il. PROPOSED HYBRID GRID CONNECTED
SYSTEM DETAILS

Fig. 1 depicts the suggested system's configuration.

The suggested system's GSCandits control scheme are
designed to keep the DC-bus voltage within the specified
safe bounds by limiting it. The DC-link's voltage also
enables the system to track the PV system's MPP. A
BESS is connected to the system in order to safeguard
the GSC against overloads. Using a DC/DC Buck Boost
bidirectional converter, the BESS is linked to the DC bus
and utilised as a storage device. PV electricity is zero at
night, whereas wind and solar power are dependent on
the weather. As a result, when there is little to no wind
and PV energy, the battery cannot supply the entire load
requirement.

Therefore, FC with an electrolyser is combined with the
system in order to increase its sustainability. When PV
and wind energy provide high power and the battery
reaches its charge storage threshold, the electrolyser
activates and stores excess energy. Hydrogen produced
by the electrolyser may be stored and utilised as an input
by FC. When there is insufficient power generation at the
DC connection because of bad weather, FC uses
hydrogen to create power.

I1l. CONTROL AND SYSTEM MODELLING
A. MODEL DEVELOPMENT FOR SOLAR PV

A photovoltaic array is made up of several solar

cells that produce charge carriers in response to photons
striking the array. If the photon's energy exceeds the
semiconductor's band gap, the electrons are expelled and
the current becomes low. In addition to the standard
mono-crystalline solar cells, a variety of poly-crystalline
solar cells are reasonably priced. Much study has been
conducted up to this point in an attempt to determine an
accurate solar equation that could be correlated with
actual behaviour. Therefore, the PV arrays' cell
properties are not up to par. A current source and a diode
connected in parallel make up the ideal PV array
architecture.
A photovoltaic array is made up of several solar cells that
produce charge carriers in response to photons striking
the array. If the photon's energy exceeds the
semiconductor's band gap, the electrons are expelled and
the current becomes low. In addition to the standard
mono-crystalline solar cells, a variety of poly-crystalline
solar cells are reasonably priced. Much study has been
conducted up to this point in an attempt to determine an
accurate solar equation that could be correlated with
actual behaviour. Therefore, the PV arrays' cell
properties are not up to par. A current source and a diode
connected in parallel make up the ideal PV array
architecture.

The single solar cell circuit shown in Fig. 2 consists of a
current source, a Shockley diode, and parallel and series
resistances, Rper and Rser. The total current of the solar
cell is the sum of the diode current and current source
[51].
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Equation (1) illustrates the mathematical expression for
a single solar cell.

[=1lpy —1, [e% - 1] (1)

where | stand for the current of a single solar cell, IPV
for the total current created by solar radiation, lo for
reverse leakage current (saturation), T for the
temperature of the diode (in Kelvin), g for electron
charge, and k for the Boltzmann constant. Equation (1)
does not provide all of the solar cell's characteristics.
Because it incorporates both parallel and series
resistances, this model is the most appropriate one for the
given empirical conditions. The resistance between the
solar cell and the terminal connection is referred to as
Rser.

V+§serl V4Rorl
I=1Ipy—1,|e Via —1|— (==

Rper
)

where V1t is the thermal voltage and may be further
computed using the calculation Vt = kT/q, where V is the
combined terminal voltage of the solar cells. where Rser
is the total series resistance, Rper is the total parallel
resistance, and Vt is the thermal voltage. Resistance
resulting from leaking current at the p-n junction is
called Rper. Equation (2) can be altered based on the
parallel and series arrangements of the solar cells ina PV
array. An increase in the number of parallel cells raises a
PV array's current level as well. In a similar vein, a PV
array's voltage increases as the number of series cells
does. As seen in equation (3), the charges generated by
temperature and solar radiation are Ipv.

Ly = (Iyyn — KiAT) Gin
(3)

Since the solar cell's parallel resistance is larger than its
series resistance, the short current is roughly equal to the
PV threshold current. Threshold PV current (Ipvn),
current coefficient (Ki), and temperature difference (T)
between nominal and real K: Tn—T, where Gn represents
nominal solar radiation and Gisincident solar radiation.
Gn and G are measured in W/m2. Numerous studies have
been conducted in this field, and numerous formulae for

the characteristics of solar cells and their designs have
been created. The lon is provided here as eq. (4).

Isen+KiAT
Ion = W 4)
e

aV¢

wherein the terms ideal diode factor (a), nominal short-
circuit current (Iscn), open circuit nominal voltage
(Vocn), voltage coefficient (Kv), and thermal voltage
(Vt). The combination of equations (1), (2), and (3) is
used to model solar cells. The two variables that directly
affect how well a solar cell functions are temperature and
radiation.

B. WIND
DEVELOPMENT MODEL

TURBINEMODEL

Equation (5) provides an illustration of the wind turbine's
aerodynamic power.

P = 59C, (B, DAV3, (5)

where Vt is the wind speed, CP is the power coefficient,
A is the speed ratio, f is the blade angle, and A is the area
of the rotor blades. Pm is the mechanical power used by
the wind turbine.

E

. =
i) : - Results

===z=== L3 =T At T4 1]

WD System - + B3| | Ki— 141 N B

ELECTROLYZER SYSTEM RsC Gsc

FIGURE 1. Structure of proposed grid connected
hybrid system.

Rser

AMWN— T

FIGURE 2. Equivalent circuit of single solar cell.
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The DFIG in the suggested hybrid system is controlled
by a model that is based on voltage-flux equations in the
d-q reference frame [52]. The d-axis of the frame in this
model is aligned with the stator's flux space vector,
which continues to revolve at a synchronous speed.
Equation (6) may be used to illustrate the components of
the rotor current in relation to the rotor and stator
equation.

digr . . Ly d
oL, Fral —Ryigr + WoLpig + vgr — T E(pds
(6)
di . . Ly d
ar _ _ —Im &
oL, prale Rypigr + woLyigy + Vgr s 7 Pas

In this case, the components for rotor current and
terminal voltage are, respectively, var, vdr, iqgr, and idr.
The rotor and synchronous speeds (rad/sec) are denoted
by or and wo. In that case, ® = wo — wr. ¢gs and ¢ds are
the components of star flux in the d-q reference. Here, Rr
stands for the rotor winding resistance. The
mathematical expression for the leakage component, o,

is eq. (7).

_ m
o= L @)

Here, different inductance is represented by Lr, Lm, and
Ls. Ter presents the machine's electromagnetic torque,
which is determined by equation (8).

T, = —pmi (8)

2Lsw, AT

The amplitude of stator voltage is denoted by vms. Pe
stands for electromagnetic power, which has a
mathematical expression in eq. (9).

3Lpwyr

P =- vmsiqr 9)

2Lgw,

The formulae for rotor power (Pr) and stator power (Ps)
are also provided by equation (10) using equation (9).

3L
P=—"Tyvp .
T 2L, ms-ar

_ 3L (wo—wy) Ly

P, = S VA |
S 2Lw, Lg mstar

1) RSCCONTROL

The RSC controls the component sof terminal voltage
vgr and vdra. Here, a sine wave pulse and modulation
indices mgr and mdra were utilised to regulate the
voltage components. The rotor current model is non-
linear because of the product of the igr and idr variables.
The formula "rotor current dynamics are separated" is
used to determine the rotor terminal voltage.

oL S = —Ryig, +1
u
oL, ;‘;r = —Ryig +92

Here, the two new control parameters, g1 and g2, which
are dependent on mgr and mdr, are as follows:

2 .
c ( gl_waLrlqr)

Mar =,

2 . L
Mgy = oo (92—walyig + Lo, Vs )

where VDC stands for DC-link voltage. (12) may be
used to determine the transfer function for the IDR and
IQR currents, such as:

_lar(s) _lgr(®) _ 1
Gir(s) = G1(S) ~ Go(s)  OLyS+Ry

(13)

The basis of the zero-pole cancellation technique is the
proportional integral (PI) controller, which is created in
order to manage the components of the motor current.
The plant transfer function's zero is represented as
SZ=—KIr KPr, while its pole is provided as SP=—Rr
oLr.Whereas Kpr indicates the proportional gain of the
PI controller and Kir stands for integraj gain. In order to
get the proper bandwidth, the closed-loop current control
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time constant Tcr is maintained at a value of one tenth of
the switching frequency. Based on these standards, the
Pl controller's factors are stated as follows:

(14)

The stator's active power and circuit's active power [52]
are stated as follows:

3v% mskm 3V%mslm .
Qs T T owll - 2 L dr (15)
o*~s S
3Ly ,
Py =— 2L, Umslar

To prevent excessive motor currents and RSC loading,
the IDR setpoint is often set to zero. Consequently, Fig.
3 displays the block diagram of RSC control.

) j O
D—£4 B o
o3 1 th &1 1J r e
J >

FIGURES3. Control Scheme of RSC.

2)GSC CONTROL

In the suggested model, the GSC control sensor regulates
the DC-link voltage. The P&O method is also used to
manage and track MPPT for PV Components of the
present GSC are first being detached as follows:

digg Upc
Ly o = —Rylgg + Lywolgg — Vag + =, Mag
(16)
Lo 28 = R iy + Lywpigy — Vgq + 225
qa gt = Rqlag T LgWolag — Vgg T = Mgg

where Vdgar and Vqg are grid voltage components. The
voltage vector of the stator in this scenario has aligned
with the reference frame's x-axis, thus Vgs = 0. Upon the
introduction of new variables, Jdq and Jdgar, the transfer
function for the suggested system may be found as
follows:

Iqg(s)
Jag(s)

Jaq(s) Lgs+Rgy

Gig(s) =

(17)

Modulation in dices mqg and mdg are expressed as:

2
mdgm(]dg — wolgi qg+Vdg)
(18)

2 .
Magvoe (]qg - “’OLgldg)

The current controller Geig's parameters are determined
using a similar strategy, where Kligi represents the
integral gain and Kpig represents the proportional gain.

(19)
Closed loop transfer function GCL issued for reducing
first order function, such as:

Gy = — (20)

TcigS+1

The GSC maintains the balance of electrical power
between the DC and AC sides by designing a voltage
control loop that connects the DC-link with the PV.

CDCVDC+P +> Vdgldg+PBEss (21)

P
PV = 42

_/ t ,.J
Dan=F =il

J—;J—-},‘—-
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FIGURE 4. Control scheme of GSC.

When Tcig value is small, i*dq is used as control variable
instead of ide, and the transfer function using new
variable Pc is changed.

= Voc _ _2
Go(S) ==~

(22)
When, ixdq is quite relevant to Pc, thus it can be
expressed as:

. 2
leg:%(_Pc+PpV_Pr+PBESS)
(23)

The PI controller, due to its Gv (S) nature, cannot handle
nonlinearities. To improve stability and remove steady
state error, a lead compensator and integrator are used.

.
Kipg St=
Gev(S) = =2 557

(24)

The block diagram of GSC control, illustrating the use of
lead compensator parameters o and r, is depicted in Fig.
4.

C. MODEL DEVELOPMENT OF BESS

The standard BESS model is selected and modelled
as: [53], [54]:

Veat = E — Rp.Ipat
(25)

Q
“Q-k.J  iyat

A.exp (—B.f ildt)

E=E,—K
(26)

SOC(%) = 100 (1 - CQ—d) =100 (1 - éb—‘"t)

bat bat

(27)

The supervisory control system must detect and control
the BESS SoC, ensuring it maintains the required power
and voltage during charge.

D. MODEL DEVELOPMENT OF FC

Renewable energy sources, such as the Solid Oxide Fuel
Cell (SOFC), are gaining attention for their potential to
reduce pollution and dependence on fossil fuels, making
them an attractive choice for energy transition.

SOFC cells operate at high temperatures, allowing direct
handling of natural gas and achieving high electric
efficiencies, making them reliable for fuel-effective
stationary power generation. They are suitable for
stationary systems with longer working lives and can
transfer excess water through steam turbines for
increased electrical power generation.

Hydrogen from
tank storage

S —

Cathode: 2H;+20° —» 2H;0 i
e - ; $"
i ]
Anode: 0y + de 20"
|
Oxygen from air T

compressor

FIGURE 5. Schematic diagram of the fuel cell (SOFC
type).

The SOFC consists of two electrodes, one fed with
oxygen and the other with hydrogen, allowing reduction
and oxidation. The electrolyte facilitates the passage of
lost ions and electrons through an external circuit.

The fuel cell is a reliable and efficient technology for
direct power generation and micro-grid applications,
converting chemical energy into electrical energy.

The ideal voltage of open circuit cell can be determined
by the Nernst expression as:

v __AG_RT (PHzo Pfé?)
Nernst — 5 oF Pu2PYS
(28)
The equation calculates the Gibbs free energy from a

reaction in a cell, where VNernst represents the
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reversible voltage, Pref represents standard pressure, and
G represents Gibbs free energy.

lecell

Veeu = Vernat — Acellln( i

Inln (1 —lcl—i”)

The text describes the equations used to determine the
instantaneous change in partial pressures of watervapor
and hydrogen in an anode gas flow channel.

) - icellRinceell - Bcell

(29)

D T (2 (g — ) - ] (30)
deh " .
et = v gt (Plio = Piio) = ] @
dpoz _RT [iﬂ:;ll( Pg?) _ i]
(32)

The cell voltage for a single fuel cell can be
expressed mathematically as follows [57]

Ver = nerVeen (33)
E. MODEL DEVELOPMENT OF
ELECTROLYZER

Three primary technologies, namely Solid Oxide
Electrolyzer (SOE), Alkaline Electrolyzer, and
Membrane Electrolyzer, can be utilized for the proton
exchange electrolysis process.

Electrolyzer The working temperature range of SOE
systems is quite high, ranging from 550 to 1100 -C. As a
result, this high temperature improves the system's
integrating potential and conversion efficiency without
the need for costly catalysts. Furthermore, if extra heat
sources for steam or water are reused due to high
temperatures, the input energy needed for the SOE
system can be reduced. The flow of current via an
electrolyzer causes water to break down into hydrogen
and oxygen, as demonstrated by the empirical VEC
equation, which is expressed as [58] and [53]:

i+ T

Urev A IElec +k (34)

VElec =

k = ki In [(le (k) + (%))% +1]
(39)

where rl and r2 stand for ohmic resistances and kElec,
kTl1, kT2, and kT3 stand for the electrolyser’s
overvoltage.

Furthermore, the electrode cell's An Elec represents area.

O e —

s8]

n[sa

[528)

FIGURE 6. Schematic diagram of DC-DC
converter associated with BESS.

V. POWER MANAGEMENT

The purpose of any architecture for power
management is to guarantee that the power is of a
sufficient quality based on the type of energy that is
stored. Every energy source that is being suggested
has been looked into to look at the topology of power
management. The charging and discharging of
BESS are contingent upon the hybrid system's power
usage. As aresult, BESS is connected to the DC-link
through a DC-DC converter that also functions as a
charge controller.
During the charging and discharging phases, this
controller permits both positive and negative
currents to flow from the BESS to the DC-link and
from the DC-link to the BESS.
Because the BESS's output voltage is unipolar, the
battery's voltage polarity remains constant.
Additionally, the DC-DC converter has both first-
and second-quadrant functions [59]. Fig.6 shows the
DC-DC converter for BESS, and the related equation
may be found as follows:

© 2024, [JSREM | www.ijsrem.com
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di .
Ly—; = Vaemp —Vp — Ryl

(36)

where mb is the modulation index, Vb is the BESS
voltage, and iL is the BESS current. The battery
current reference was created by dividing the ratio of
Pextra by BESS power supply voltage. An error has
been introduced into the Pl controller to
heterogeneously vary the duty cycles between the
BESS current reference and BESS injector current.
The steps to determine the current loop reference
and BESS instructions are as follows:
* Pextra is equivalent to the difference among the
powers of the PV, GSC rating, Rotor, and FC.

Pextra = Ppy — Pgsc — B + Prc (37)

* Pextra that represents the amount of extra power
is absorbed or injected by the BESS. The value of
Pextrais favourable when solar radiation and wind
speed are high BESS is meant to absorb this
additional power. But when there's little sunlight or
wind, velocity, this power is negative, and it shows
that BESS is intended to add this negative force to
the DC link.

=

_ ,

c

FIGURE 7. Schematic diagram of control associated
with BESS

© 2024, [JSREM | www.ijsrem.com
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FIGURE 8. Schematic diagram of DC-DC converter
controller incorporated

HO—0—_ =5
B 0

FIGURE 9. Schematic diagram of control associated
with FC.

The control technique for the BESS (Battery Energy
Storage System) charge controller is illustrated in Figure
7. The DC-DC Boost controller, which is linked to the
duty cycle control angle and the fuel cell (FC), is
depicted in Figures 8 and 9, respectively. The buck
converter and electrolyzer control algorithm are shown
in Figures 10 and 11.

To determine the duty cycle for the electrolyzer, the
difference between the DC voltage (Vdc) and the
electrolyser’s power is used. An ANN (Artificial Neural
Network) is proposed to minimize the error in the duty
cycle calculation for the electrolyzer and to achieve
accurate control. The ANN is trained to handle variations
and nonlinearities in the system effectively. To ensure
the control duty cycle value stays between 0 and 1, a
limiter is added to the ANN output.

The SoC (State of Charge) range used in this
work for BESS (Battery Energy Storage System)
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charging and discharging is 20% to 80%. BESS can act
as a source of power or a sink, depending on the
conditions and the amount of electricity needed. The FC
(Fuel Cell) controller and BESS are designed to handle
scenarios where there is an unanticipated shift in power
demand. In such scenarios, the BESS provides rapid
power, and its power supply should be reduced by
increasing the fuel cell's output power.

To establish the connection between the BESS
and the FC, a DC boost controller and FC are proposed,
aiming to achieve zero battery current. Instead of a
traditional control mechanism, an ANN (Artificial
Neural Network) is proposed to manage this link. The
ANN will be trained to dynamically adjust the power
balance between the BESS and the FC, optimizing
performance and ensuring stability. The ANN's ability to
learn and adapt to varying conditions will enhance the
system's responsiveness and efficiency

L L:‘T} ><M

t—

FIGURE 10. Schematic diagram of Electrolyzer with
buck converter.

( PElec]
j

M
+ Pz
L SiE
Discrete PID Conirollert I
T

=40

Di

FIGURE 11. Schematic diagram of Electrolyzer
control.

In addition, the BESS should take the role of the FC in
cases like these where the battery's SoC is only 20% in
order to provide power. Therefore, the battery is being
charged using the extra power generated until its shutoff.
When the SoC hits its limit (80%), the leftover power is
sent to the electrolyzer through a DC converter that is
programmed to raise the duty cycle to enhance the
voltage on the DC grid. Power goes to the electrolyzer
when the battery's SoC exceeds 80% and PNET exceeds
0 to ensure proper operation. Switch provides the signal
to the PI output in this instance. One way to express the
produced FC power is as follows:
Prc = Pypr — Ppess — Pgrec — Pry (38)
The suggested management and control techniques
guarantee that the average power from BESS and the
instantaneous electricity from the FC functions in
accordance with the battery's SoC. When the SoC
reaches 80% and the Electrolyzer starts to create the
hydrogen that is being reserved in the tank, it should
retain more energy during charging mode. On the other
side, the FC need to signal a shortage of power when the
SOC falls below 20% while the battery is draining.
Additionally, the excess power is used to charge the
BESS until it reaches the limit (80%) when there is low
demand PNET > 0 or additional wind power. The
Electrolyzer then maintains the battery's functionality by
holding onto its excess electricity. Even with high
demand (PNET < 0), when PV and wind power output is
less, the BESS supplies the power needed by FC,
ensuring the assistance progression up to the lower limit
of SoC. According to the flowchart shown by Fig. 12, the
associated BESS, FC, Electrolyzer, and PV are therefore
responsible for ensuring the DC-grid voltage (Vdc)
regulation.

© 2024, [JSREM | www.ijsrem.com

| Page 11


http://www.ijsrem.com/

&g’ '3

i# IISREM
““”Zﬁlnternational Journal of Scientific Research in Engineering and Management (IJSREM)

ReLoad~  Volume: 08 Issue: 12 | Dec - 2024

SJIF Rating: 8.448 ISSN: 2582-3930

Measure Pypr & Vg

Battery give extea pawer Fuell eell maintain the

to electrolyzer.

Charge the Battery from

Wind and PV sources. power demand. from pow er required.
(PXET = PBan )

Pragl gell, Petee = 0)

Pxer=Paee . (PxET = Prust ool (Pxer=Poan)

Piuet cott, Poati = 0y Prugt cett, Petee =0y Pruet oot Pelec =0}

FIGURE 12. Flowchart of power management of all
energy sources.
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FIGURE 13. Solar irradiance (%)

V. SIMULATION AND RESULTS

This study describes the addition of the FC and
Electrolyzer to the WTG-DFIG, PV, and BESS systems
that are linked in a hybrid grid system. The hybrid grid-
connected system has been put into practice, and
MATLAB's Simulink environment is used to control
electricity for the suggested system. The system as
a whole was simulated with varying loads and
environmental variables. This highlights how this hybrid
system affects the effectiveness and calibre of the energy
that is injected and/or required. To gather with the solar
system, which has a capacity greater than the GSC
rating, the DFIG's capacity is assumed to be 2 MW. The
recommended range for GSC and RSC ratings is 24% to
31% of the generator's rating [52]. Therefore, 340 kVA
and 250 kVA are assumed to be the GSC and RSC
values, respectively. In contrast, 1.1 MW is assumed for
the PV system rating. To accentuate the advantages of

Discharge the Bartery

the selected system, the system's capacity is significantly
more than its GSC rating. This system is linked to a 100-
Ah BESS to safeguard the GSC against overloads. The
system is expanded with a 50 kW FC operating at 625 V
and a 35 V electrolyzer. Table 1 lists the DFIG, WT, and
GSC parameters. The results of simulating the suggested
system under various conditions are given and examined
in this section. As seen in Fig. 13, solar irradiance is
thought to fluctuate during the course of a day. The PV
system is secured by a circuit and a diode (D1). circuit
breaker (SP). At t = 0, the circuit breaker is turned on.
Until sun irradiance is 0 W/m2 at t = 2 sec, and then it
changes to 500 W/m2 between t = 2 and 3 seconds, and
1000 W/m2 between After 3 to 8 seconds, return to 500
W/m2 for the remaining duration. PV electricity is
reliant on solar radiation. Figure. 14 displays the PV
array type current and power at MPPT. The design
specifications for the PV, BESS, FC, and Electrolyzer

have been provided in Table 2.
Auaray type: Advance Power APLMIOS; 30 series modules; 120 paraliel strings.
2.1000 ‘*a.,\'
£
& 500 \ 1
3 | .
0 10° 200 400 600 800 1000 1200 1400
\
=10F T T —— "T“a\'
g - * R
= _f,—'”f \\
o 5 e
2 -
3 T
0 200 400 600 800 1000 1200 1400
Voltage (V)

FIGURE 14. current and power at MPPT for array type
(temperature variation).
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T
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FIGURE 15. PV power (MW)
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FIGURE 16. DC Bus Voltage (V).

[ Symbol | Parameter | Values |
f Frequency (Hz) 50
P Rated Stator power (W) 2e6
n Rated Rotational Speed (rpm) 1500
Is Rated Stator current (A) 1760
Vs Rated Stator voltage (V) 690
Tem Rated Torque (N.m) 12732
P Pole pair 2
u Stator/Rotor Turn Ratio 113
V+ | Rotor rated voltage (Non-Reached) (V) 2070
Bmazx Maximum Slip 13
Cy | Rated Rotor voltage reference to stator | (Vy % Spqz) #u
R, Stator leakage 2.6e-3
Ls; |Leakage Inductance (stator and rotor) (H) | 0.087e — 3
Lin Magnetization Inductance (H) 2.5e -3
Ry | Rotor resistance referred to stator (2) 2.6e—3
Stator Inductance (H) Ls=Lm+ Ly
Rotor Inductance (H) r=Lm + Lgj
Vie DC link voltage 1050 — 1150
J Inertia 127
faw Switching Frequency ded
N Gearbox ratio 100
p Air Density 1.225
8 Pitch angle 0
Comaz 0.44
Chus DC bus capacitance 802
Ry Grid side filter resistance 20¢ 8
L, Grid side filter inductance 4006

TABLE 1. DFIG Wind turbine and GSC parameters.
PV generation reaches its maximum and is realised in 3
to 8 seconds. @ MPP, it could produce 1.1 MW of
electricity at its maximum. PV is intended to inject
energy into the system during this internal bus (DC).

Power from the PV and the ROTOR now flows to the
GSC. It is important to make good use of this enormous
power to prevent GSC overheating. Fig. 15 shows the PV

output power for the suggested arrangement. Therefore,
until its SOC rises beyond 80%, BESS keeps starting to
charge and absorb the additional power. After eight
seconds, there is a decrease in solar irradiance, which
reduces PV power output. In low solar irradiance
conditions, the BESS releases stored energy to the DC
connection. The DC link waveform is shown in Fig. 16.
Prior to PV power generation starting up, some Although
there are early transients, the DC link voltage quickly
maintains because of the BESS power supply, at 1000

V. The DC link voltage reaches its reference in 3-8
seconds. level of 1158 V as a result of the PV power
infusion.

It has been shown how the BESS charges and discharges
when PNET is positive at the DC connection.

When the DC link does not receive excess power from
PV, the BESS power is displayed in Fig. 17. It shows that
the BESS is completely discharged after 8 seconds and
in 1 to 2 seconds. When PV generation tracks the MPP
power for three to eight seconds, negative power
illustrates the charging behaviour of the BESS. BESS
SoC is restricted to 20%-80%. When the SoC of the DC
link is less than 80%, the BESS's function is to release
power to it until it reaches 20%.

The BESS is charged during the system's first transitory
behaviour. In order to sustain the power at the DC link
during the second phase, the BESS began discharging for
three seconds. It then charges when sufficient power
from the PV side guarantees the DC link's power need.

© 2024, [JSREM | www.ijsrem.com

Parameter Values
PV parallel strings 60
Series connected modules per strings | 30
Maximum power PV array (W) 213.15
Open circuit voltage Vo (V) 36.3
Short circuit current Jq. 7.84
BESS nominal voltage (V) 800
BESS rated capacity (Ah) 100
Initial SoC BESS 50
FC Power (kW) 50
FC Voltage 625
Nominal hydrogen utilization 99.56
TABLE 2.PV,BESS, and Electrolyzer design
parameters.
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FIGURE 17. BESS discharging power (kw). 1

" ‘ ‘ ‘ ‘ ’ : ‘ Time (siconds) ’ N b

Ll ] FIGURE 20. Rotor (Pr) power(W)

FIGURE 18. H2 production (litre). |
The electrolyzer begins dissipating electricity to make K i
and store hydrogen in the hydrogen tank when the BESS j
is charged to 80% and there is still extra power at the DC . w w w w

0 2 4 6 8 10 12

connection. FC connects to guarantee system stability THEVEE
and service continuity when BESS falls below 20%. FC F|GL5JRE 21. Rotor (Qr power(W)
then produced power for the DC link supply by using the ' '
hydrogen gas stored in the hydrogen tank. The
generation and storage of H2 in the hydrogen tank during
the BESS charging phase are seen in Figs. 18 and 19.
The tank will create electricity for the DC link. Figures
18 and 19 depict H2 production and storage in a
hydrogen tank during the charging phase of BESS.
Figure 20 depicts H2 consumption.

Figures 20 and 21 show plots of the rotor powers (Active g : : m(;;m : fe
Pr) and reactive Qr. In the sub-synchronous FIGURE 22. Starter (Ps) power(W)
span, positive power is extracted from the RSC, whereas el . . i .
in the super-synchronous span, negative power is T ' ' ' ' ]
supplied. i

90 -
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70 -

Stator Power Qs

60 [~
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I I I I |
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‘ ‘ ‘ ‘ ] Figure 23. Stator (Qs power(W).
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FIGURE 24. PGSC power (W).

The DC connection. Figures 22 and 23 show the stator's
active and reactive powers. Active power is positive and
transmitted to the grid, while reactive power is negligible
(zero). Figure 24 depicts the GSC power waveform. In
sub-synchronous mode, the value is lower than the rated
value due to low PV irradiance or wind velocities. To
maintain proper control, keep BESS and GSC values
close to their rated values. Figure 25 illustrates the
performance of this grid voltage. The primary purpose of
the proposed the system is designed to maintain a stable
voltage, hence the zoom-in feature displays the stable
AC grid voltage.

Figure 26 compares the output power response of the
proposed hybrid and traditional systems. The proposed
architecture uses fuel cells and PV to meet energy
demands and achieve the reference target.

200 —F+
{

Grid Voltage
&
8
8 °
T

A
3
3

&
2
3

| I | I | I | I |
1,635 1.64 1.645 165 1.655 1.66 1.665 167 1675
Time (seconds)

FIGURE 25. Grid Voltage (V).

x10*

| |
0 2 4 6 8 10 12
Time (seconds)

FIGURE 26. Comparative analysis of proposed
hybrid and conventional power system.

VL. CONCLUSION:

This research proposes using FC and Electrolyzer as
energy sources in a PV-DFIG and BESS hybrid grid-
connected system with minimal converter and control
loops. All system components' properties, as well as the
proposed system's main configuration, are explained.
This work focuses on designing controllers for grid-
connected hybrid systems that use renewable distributed
generators (Wind and PV) as primary sources, BESS as
secondary sources, and FC with electrolyzer as tertiary.
The suggested hybrid system eliminates the need for a
PV converter, making it a cost-effective method for
incorporating PV into hybrid systems.

The suggested system uses power management to
optimize power sharing between sources. PV electricity
is maximized and fed into the grid via GSC. Combining
BESS, FC, and Electrolyzer reduces the impact of
intermittent wind and PV power generation. Electrolyzer
converts excess power from renewable distribution
generating into hydrogen. FC uses hydrogen to
supplement power generation under poor weather
conditions.  This  presentation outlines  power
management strategies for meeting load profiles,
avoiding BESS overcharging, and minimizing
fluctuations from wind and PV sources.

The suggested system uses power management to
optimize power sharing between sources. PV electricity
is maximized and fed into the grid via GSC. Combining
BESS, FC, and Electrolyzer reduces the impact of
intermittent wind and PV power generation. Electrolyzer
converts excess power from renewable distribution
generating into hydrogen. FC uses hydrogen to
supplement power generation under poor weather
conditions.  This  presentation  outlines  power
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management strategies for meeting load profiles,
avoiding BESS overcharging, and minimizing
fluctuations from wind and PV sources.
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