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Abstract— The interconnection of renewable energy
sources with the utility grid, such as photovoltaic (PV)
and fuel cells (FC), is a solution that is effective in
meeting load demand on the distribution side. The rising
demand for energy management systems can be
attributed to the widespread use of battery energy
storage systems (BESS) in the utility grid. An effective
energy management system is proposed in this study for
use in a PV and FC-based DC nano grid with BESS, and
several operating modes are analyzed and addressed.
The most important aspect of it is that it keeps the DC
voltage consistent throughout the grid. With the help of
the MATLAB/Simulink software tool, many simulation
case studies are carried out in this research.
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co, Carbon dioxide Vrc Fuel cell output
voltage(V)
Irc fuel cell current (A) Prc Fuel cell output
power(W)
Vact Activation voltage loss
AG  Gibbs free energy in (L)’ R¢ contact resistance of
mol

the electron current
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I.INTRODUCTION

PV and Fuel Cells are the most advanced
renewable energy sources, and their advantages such as
dependability, eco-friendliness, and low pollutant emissions
are driving rapid growth in power generation technologies
[1]. Despite their advantages, they had significant
drawbacks like cloudy climates, partial shading for PV, and
the initial cost and availability of fuel for FC that prevented
them from operating in a stand-alone mode[2].
Interconnections of two or more sources along with battery
energy storage systems are needed to supply seamless
power to the load. In this paper, a DC nanogrid with PV and
FC along with a battery has been proposed [3].

Recently, DC Nano Grids have caught the attention
of researchers because of their higher quality of power and
greater reliability and efficacy of renewable resources [4].
[5] in this PV with the maximum power point Tracking will
serve as the primary source, and fuel cells along with
batteries will handle peak demand. If the sources are
properly managed, the proposed system offers higher
energy density. Many authors [6—10] proposed a variety of
energy management techniques based on source selection
and load availability. [7], the author has proposed a dynamic
power management control, when all the sources, storage,
and loads are connected directly at the DC link. The power
management algorithm needs to consider the microgrid’s
smooth operation in various modes and state-of-charge limit
conditions for the hybrid energy storage system.[11], the
author has proposed intelligent proportional integral and
derivative controller parameters are tuned using a binary
genetic algorithm and a real-coded genetic algorithm by
formulating an optimal control problem. However, a
standalone fuel cell system finds it difficult to meet short—
term peak variations in the load.[12],The researcher
proposes optimizing the hydrogen storage operation with an
advanced control strategy that excels in various EMS
techniques for DC grid-connected PV, FC, and battery for a
stand-alone application.[13],In this article, the author
proposes a household Nano-grid PV system energy
management approach. The long-term charging and
discharging of the battery are scheduled optimally using the

978-1-6654-7058-2/23/$31.00 ©2023 IEEE

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL. Downloaded on November 26,2025 at 13:03:05 UTC from IEEE Xplore. Restrictions apply.



rolling optimization method, which is used to tackle the
maxed integer linear Programming problem.

In this paper, the authors focused on developing an
Energy Management control strategy for a PV-FC—Battery
DC Nano grid that will aid in obtaining maximum power
from the sources (PV and FC) and optimally charging the
battery. The proposed EMS maximizes solar PV utilization
while accounting for the FC system's slow response time, as
well as considerations for DC bus voltage regulation, battery
SOC, battery power limitation, and load shedding. For
typical DC load applications, excess power in the system
should be managed within the capacity of the storage units
by derating the PV system and charging the battery. In this
Modeling of PV, FC battery Based DC Nano grid and
simulated several case studies are carried out for EMS by
using MATLAB/Simulink software tool.

The rest of the paper is organized as follows:
Section 2 discusses the modeling of PV, FC, battery, and
control techniques. Section 3 deals with the energy
management system (EMS), Section 4 discusses the
simulation results, and finally the conclusion is in Section 5.

II. SYSTEM MODELLING
A. Modeling of Solar PV and its characteristic:

PV Module is a combination of solar PV cells;
Solar PV Cell can be modeled [14], [15] and represented as
a single diode Model based on the Mathematical outline is
given below.

Vpu+IppR
Ipv :lph 710 - % (1)
G
Ly, ={sc_src + Ki(T — Tr}a 2)
q(V,, + L,Ry)
A e~ B ®
Where L,V is the output current, voltage of the PV

cell,l,y, is the generated photocurrent, K is the Boltzmann’s
constant i.e. 1.38xe”23 | Rgy , Rg are shunt and series
resistance, q is the electron charge 1.602x1071° C, Iyis flow
through diodes depends on PV cell reverse saturation current
. Ggrcis the standard solar irradiation quantity on a solar PV
cell 1.e.(1000 W/m2),T is ambient temperature, A is diode
ideality factor, T, is the reference temperature, Igcgr is the
short circuit current at STC, Viis the thermal voltage of the
diode,l,; isTemperature dependent current component , G is
solar irradiation (W/m?). Parameters of the PV cell is given
in table.1

The output voltage of a Boost converter is determined by
the duty cycle for balanced operation using the MPPT
procedure. The interconnection for that input and output
voltage is a result of the duty cycle.

Vo 1
Vo = 1D 4)
WhereVy=Output Voltage, V;,=Input Voltage and D=Duty
cycle.
Single diode model representation along with characteristics
has shown in Fig.1
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Fig.1 single diode model for solar PV and its characteristics

Table 1. Specifications for PV array at STC (1000 W/m2 irradiance, 25°C
device temperature).

power 59.85W
MPP's voltage 17.1V
MPP’s Current 35A
Voltage at the open circuit 21.1V
current at the Short-circuit 38A

In a module, the number of solar cells in sequence 36

Each string has a certain number of modules. 4

Number of modules connected in parallel 2

Temperature coefficient of a short-circuit current cell 0.007%

Temperature of the nominal working cell 400

B. Modeling of Fuel Cell:

The output voltage of the fuel cell [16], [17]
depends on the internal voltage drops i.e. it is the difference
between reversible voltage (Ej¢rnst) to the internal voltage
drops (Vyuct, Vonmicr Veon)- Internal drops are caused because
of the existentence of voltage loss caused by activation,
concentration, along with resistive losses. The output
voltage of the fuel cell V,,; is given in Equation (5), and
The mathematical Model of fuel is represented in Fig.2
parameters of the fuel cell is given in table.2.

Vcell = ENernst - Vact - Vohmic - Vcon (5)
Where reversible voltage E,qrnst represented as:
AG AS
Enernst = ﬁ + ﬁ (T-T,)

RT 1 (©)
+ o [Py + 5 In(Po,)

Activation voltage loss V. is given in the Tafel equations
as:

Vace = [§1 + &T + §3TIn(Co,) + E4TIn(Ipc)] (7

Vonmic = Iec(Ru + R¢) 3
Ve =—E*ln<1—lF—C) 9)
on nF i, A

The variables and constants of the above equations are
represented as

<_V/<;\t > .ys;mic. < V\/Cs"_.
VVV VVV V T A
Enernst +
l ‘ Vcell
A J

Fig.2 Modeling of Fuel cell
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Table.2 Specifications for fuel cell modules

Rated capacity 234W

Cells count (nfc) 48
Temperature of the working environment 5 — 35°C
Pressures in use PH2 :0to 5 atm
The stack's maximum heat power 500 J/(kg K)

C. Modeling of Battery:

The presence of nonlinear nature, the battery's
effective representation in controllers, has evolved into
another issue. There are several battery behavior simulation
models already in existence, each with differing degrees of
simulation behavior complexity. The most fundamental and
often used battery type is an ideal voltage source connected
in series with either a fixed internal resistance. Another
common battery type is the Thevenin, which also has the
ideal no-load battery voltage, series internal resistance, and
a parallel connection of overvoltage resistance and
capacitance. More suitable methods have been
recommended to take into consideration the nonlinear
factors. Figure.3 could be represented using the equations
below, and the parameters of the battery is given in table.3.

Thatt

Roat +

Viat

Fig.3 Equivalent circuit of the Battery

Voare = Eg — ipaceRpatt (10)
- g9 (B ipartdt)
Eg Ego KQ—fibattdf+Ae batt (11)

Table.3 Battery Specifications:

Choice Lead acid
Rating in Ampere hour 2 Ah
Nominal voltage 24V
Charging rate C/10

D. Control Strategy for Constant DC Voltage

Bidirectional DC/DC converters are used in BESS
to control the common DC link voltage. Any power
imbalance between the sources and the demand for the load
is taken care of by BESS, which regulates the DC link
voltage. Fig. 4 depicts the traditional cascaded voltage and
current controller design used for BESS. A reference
voltage signal and a PI-based voltage controller are used to
compare the measured DC link voltage with each other. The
output of the controller is considered battery reference
current and given equations (12) and (13).

Av(t) = Vdcref(t) - Vdc(t) (12)
"pat () = kpAv() + [ Av(t) dt — iy, (t) — ip(t)
(13)
s I
oot
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Fig.4 Control of DC link voltage by using PI controller
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III. ENERGY MANAGEMENT SYSTEM

Modeling of PV, FC, and battery are discussed in the
previous section. In this paper, the use of an energy
management technique is required to efficiently
organize various RES and ESS that could be distributed
across the DC grid and enhances a dispensed energy
management technique based on the EMS approach for
maintaining power balance and reliable operation of a DC
Nano grid under generation and possibly load conditions.
The DC Nano grid with BESS has considered in this paper.
The PV source is operating with MPPT, and FC is operating
in Constant supply Mode connected through DC/DC
converter and interfacing with DC grid and utility grid. The
battery systems are connected with the common DC grid
through a bidirectional DC/DC converter has shown in Fig.5.
The battery system discharge or charges under the average
excess/deficit power rushes. This proposed EMS method
mainly consists of a DC-grid voltage controller with a wide
range of load changes, PV, FC and battery ESS as shown in
Fig.4, and the EMS operating modes sub cases are described
based on flow chart, in Fig. 6.

Energy Management system (EMS)

Fig.5 Proposed System for energy Management

There are three different operating modes possible
in the proposed system, namely, 1) Excess power mode
(EPM), 2) Deficit power mode (DPM), and 3) Floating
power mode (FPM). Floating Power Mode is merged with
Deficit Power Mode as the BESS can be charged from the
DC grid in both modes. Hence, there are two effective
operating modes, as shown in Fig. 6

1) Excess Power Mode (EPM). (Pp,+Prc>Piosa)(Cases: 1-5):

In EPM, the Average power generated by PV (P,,) and FC
(Prc) is greater than the average power required by load
(Pioad). There are two more sub-cases explained under this
mode as follows.

Mode A: SoCpin and Pioad min divided as Case: 1-2

In this mode, the battery's SoC is at its lowest level
and the light load mode is activated. Under this approach,
cases 1 to 2 are subdivided. Case.1 RES are operated with
P,v=1 and Prc=1 to satisfy the load requirement and charge
the battery with excess power. In case.2 Prc is not equal to
Prcmax, PV operates at P,,=1 and Prc increases with a modest
increment to fulfill the load requirement and charge the
battery, as depicted in fig.5's flowchart.

Mode B: S0Cuax and Pioad min divided as Case: 3-5

In this state, the battery's SoC is at its highest level and
the light load mode is activated. As a case, this mode is
subdivided into three modes. 3 to 5, in case 3, PV runs in
derating mode, i.e., Pp,=2, while the fuel cell is operating at
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Prc=0. In this state, only PV meets the load requirement, the

battery SoC remains in floating mode, and the fuel cell Table.4 States of PV, FC and Battery under various Modes and cases
b

functions in minimum power mode. In case.4 SoC is between MODE l\igBD'E CASE Sl:;:e FC state BESS State
the maximum and minimum levels, the load is light; Case -
therefore, Prc is maintained at its prior value and PV operates 1 MPPT FCuin charging
at P,»=1 to charge the battery. Case.5 is identical to case.3 MODEA 1= MPPT FC... charein
with the exception of the Prcmax. Under these conditions, PV 2 i ene
is set to Pp,=2 and Prc is set to Prcmin; the battery operates in EPM Case | b ate FCyuin floating
floating mode according to the EMS technique depicted in C3
Figure 6, and given in table.4. MODEB ise MPPT FCin floating
Case Decreasing in .
5 De rate small steps floating
Cgse MPPT FCuin C}g;iﬁlg or
MODEC — i
Case Increasing in Charging or
MPPT .
7 small steps floating
DPM C I =
ase MPPT ncreasing mn Discharging
) EA*MPPT MODED 8 small steps
' CE;(:}:”'WW Cgse MPPT FCuin Discharging
[N
P,.,»MPPT Baltery®-Chargng Pp PlPPT IV RESULTS AND DISCUS SION
Belteri. Charging Mo u(:;fg:w\ % Bangwmw
e bk i e terea The effectiveness of the system represented in
Case 9 S s Case . . . . . .
g TS Figure 4 has been validated by modeling and simulating it
! in Simulink. SoCmin and SoCmax, as well as load
b J2 P, piee1 P s . .
am.;:'émngme woleeys || Foplrietses | | FARPR— b g variations, are used to determine the operational mode
Batterg®> Floating Mode | {Bate- Ficatng Mode Oplonalloads are Discomecled| | p

RK(->MEIVIIEIVI with Previous

pg (constant or dynamic). The operating range for battery SoC
1

is 20% (lower limit) to 80 % (upper limit) to avoid full
charge state and dead state conditions. The approaches are
enumerated in table.1 after analyzing the critical cases given
in the table. The effectiveness of the proposed system is
demonstrated through simulated results.

o Increase in Small Step

P preacetysral || FiepFy Fewp

Case Case 5 Seps Case ) FCnax Cese g g

Fig.6 Flowchart for operation of Energy Management System

2) Deficit Power Mode (DPM) :( Ppv+Prc<Pioaq)
(Cases: 6-9):
In DPM, the sum of average power Ppv and Prc is

less than Piyaq, This mode further operated in two more sub- Table.5 Critical Cases

cases explained as follows. Critical cases Proposed Cases
) Case 8&9
Mode C: SoCpin and Pioud max divided as Case: 6-7 Pioag>PptPrc and SoC < SoConax
Pioas< Pyt Prc and SoC < S0Cpax Case 3&5
In this mode, the sqb-d1v1s1on is determined by Pioaa< Pp+Prc and SoC < SoCiin Case 1,2,4
SoC and load demand. In this mode, cases are separated c
based on the SoC and peak load is enabled. PV and FC Pioai>PpPrc and SoC < SoCpi Case 6&7

operate as Pp,=1 and Prc=1 to meet the required load in
case.6. While extra electricity generated by RES is used to
charge or float the battery if load demand equals source
output. Here is a more possible example dependent on
SoCmin. Scenario 7 is identical to Case 6 except for
Prc=Prcmin; 1n this case, Prc increases in modest increments
to meet peak load demand and charge the battery; if peak
load demand is not met by PV and FC, disconnect the
optional loads according to the flowchart in Figure 6

Case.1: Battery SoC level at 80 %, and load power is
greater than PV and Fuel cell power (Pioaa>Ppv+Prc).

In this case, the total performance of PV and FC
will be less than the connected load. Under this condition,
RES is operating as PV is producing maximum electricity
with MPPT, the battery is in discharging mode, and it's a
SoCmax level, and FC is running at a low power rate, in this
condition grid voltage is maintained constant as 100V seen
in fig.7(f), load power demand is 740 W shown in fig.7(a),
to meet the load power demand, RES that is PV supplied the
maximum power is 480 W shown in fig.7(c), remaining
Fig.7(d), then increase the FC power to meet the load
requirement depicted in Fig.7(e), at which point the load

Mode D: SoCaandPioad max divided as Cases.: 89

In this mode, cases are divided based on the maximum
level of the battery's state-of-charge (SoC), and peak load is
enabled. Case 8 operates with Py, = 1, at the initial condition

Prc = 0 while the battery is in discharging mode, and then
gradually increases in small increments until the load
demand equals the generation, as shown in Fig. 6. Here is
one more conceivable example based on SoCpay, i.€. case.9,
in which the Pgc is under a nominal condition so, P,=1, the
battery SoC is in discharging mode to match the load demand
as depicted in Fig. 6.

power and generating power are equal. To meet the load
power requirements and maintain a steady grid voltage, a
combination of PV, BESS, and FC is employed to supply
the load demand.
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Case.2: Battery SoC level is 80 %, load power is less than
PV and Fuel cell power Pioad<Ppv+Prc).
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In this instance, the combined PV and FC output
power exceed the demand power, and the SoC level is at its
maximum. Under this condition, RES are operated as PV is
derated with a downgrade to OFF MPPT, battery SoC and
FC power are maintained constant with their limits since PV
power is nearly equal to load power output, and to prevent
overcharging, the power supplied to the Battery is
minimized or constant, since there is no storage element or
dump loading in the system, and PV generation follows the
load demand. DC grid control maintains steady DC grid
voltage in this case. Here, the load power is 240W as shown
in Fig.8(a), the power generation by PV with a derating
power is 240 W as shown in Fig.8(c), and the battery SoC
and FC are maintaining their limits with constants as
indicated in Fig.8(b) and 8(e), and the DC grid voltage is
constant as shown in Fig.8(d) ().

Case.3: Battery SoC level is 20 %, load power is less than
PV and Fuel cell power (Pioaa<Pp+Prc).

Load power is minimal relative to PV and FC
power, hence battery SoC is low. PV and FC systems are
working in MPPT mode to charge the battery and supply DC
power to the load. Batteries regulate load power by
consuming or distributing electricity based on supply and
load demand. In this EMS, PV generation follows power
demands; FC generation depends on battery SoC level,
when SoC decreases FC hydrogen gas pressure increases,
and FC power increases, Vice-versa. As long as SoC and
Puat are within limitations, the battery will regulate power as
an energy storage device. Maintain steady DC grid voltage.
Here load power is 240W shown in Fig.9 (a), power
generation by using PV with an MPPT is 480W shown in
Fig.9(c), and power generation by using FC with an MPPT
is 240W shown in Fig.9 (e). Under this condition battery
SoC minimum level so the battery is charging mode shown
in Fig.9 (b). DC grid voltage is constant shown in Fig.9 (f).
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Fig.9 Minimum SoC level, PV and FC power is greater than load power (a)
Load power (b) Battery SoC (c) PV power (d) Hydrogen pressure (¢) FC
power (f) DC grid voltage.

Case.4: Battery SoC level is 20 %, load power is greater
than PV and Fuel cell power (Pioaa™>Ppy+Prc).

In this case, PV and FC output power would be
lower than the load requirement and battery SoC level. Both
the PV and FC are running in MPPT mode, but cannot match
the load demand. Since this battery is in the lowest range,
deep discharging it to meet load requirements is dangerous.
When the battery can't provide, redirect or reduce load
demand to PV and FC, which will charge the battery and
maintain DC grid voltage. Here initially load power is 740W
up to 2s shown in Fig.10 (a), power generation by using PV
with an MPPT is 480 W shown in Fig.10(c), power
generation by using FC with an MPPT is 240 W shown in
Fig.10 (e), in this condition supplied the load demand is
equal to generation by using the battery power that is 20W
to maintain the load demand. Latter load demand is lowered
to 320W for this demand supplied by PV, and FC and charge
the battery as indicated in Fig.10 (b), and Fig.10(c), as well
as DC grid voltage is maintained (f).
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Fig.10 Minimum SoC 16\)161, PV and FC power is less tl)lan load power (a)
Load power (b) Battery SoC (c) PV power (d) Hydrogen pressure (¢) FC
power (f) DC grid voltage.
V. Dynamics of load variations:

It is responsible for determining whether the EMS
is operational whenever there is a quick transition from one
load power to another load power in the PV system, FC
system, and battery. As with the EMS, load variations are
examined as depicted in Fig.11, 12. This graphic depicts the
waveforms acquired when measuring the variance of
extended load cycles. The simulation experiments were
conducted by connecting a resistive-loaded DC connection.
In order to simulate the simulation environment, the load
will be varied: low load, heavy load. The information
includes the DC bus voltage, FC hydrogen pressure, load
power, FC power, PV power, and battery state of charge.
Initial state minor load power is 140W up to t=2.5sec and
the SoC storage device is 80 percent charged. Under these
conditions, the PV system is Derated to meet the load
requirement (140W), leaving the battery in floating mode
and the FC in minimum power mode to keep the DC grid
voltage at 100V. Then suddenly increase the load power to
720W from t=2.5sec to 7.5sec, with battery SoC at 80
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percent. Under these conditions, the battery must discharge
with a power rating of 240W, while the PV system generates
the maximum power of 480W, to maintain the load demand,
and the FC is in minimum generation mode, to maintain the
DC bus voltage at 100V. Long length of load variation with
low battery SoC to maintain constant DC grid voltage is
depicted in Figure 12.
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Fig.11 sudden change in load with maximum SoC level (a) Load power (b)
Battery SoC (c) PV power (d) Hydrogen pressure () FC power (f) DC grid
voltage.
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Fig.12 sudden change in load with minimum SoC level (a) Load power (b)
Battery SoC (c) PV power (d) Hydrogen pressure (¢) FC power (f) DC grid
voltage.

V1.CONCLUSION

PV and fuel cells are the most advanced renewable energy
sources with advantages like dependability, environmental
friendliness, and low pollutant emissions, which are
accelerating the development of power-generating
technologies. This paper proposes a DC nano grid with PV
and FC in addition to batteries. Researchers have presented
a control for dynamic power management where all sources,
storage, and loads are directly connected to the dc
connection. Various EMS strategies for DC grid-connected
PV, FC, and battery for stand-alone applications are
demonstrated in this work.
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