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A B S T R A C T   

Standalone DC microgrids often have challenges in energy management for a long time horizon due to uncertain 
renewable energy sources and volatile loads. This paper presents a centralized energy management strategy 
(EMS) for a standalone DC microgrid with solar PV, fuel cells, and a battery energy storage system (BESS). The 
proposed EMS method is designed to improve the longevity of BESS, reliability, and reduce the hydrogen intake. 
In the proposed EMS, the PV system de-rating method is used to overcome the deep charging of battery under 
low-demand conditions. The fuel cell power supply is varied using a reverse sigmoidal function of the Batterys 
state of charge (SoC). This improves the hydrogen fuel efficiency and also helps in minimizing deep discharge of 
the battery under heavy loading conditions. The centralized EMS is fed with load power, battery SoC, and in
dividual source power information. Consequently, the EMS provides decisive commands to the individual source 
local controller to control the respective output power. The efficacy of the proposed EMS under multiple 
operating conditions is evaluated in both simulation environment and on a hardware prototype of a DC 
microgrid.   

1. Introduction 

Increased focus on eco-friendly distributed generation has led to 
developments in microgrid systems, which provide additional reliability 
and flexibility over conventional power systems [1,2]. Microgrids are 
described as a cluster of distributed generation, energy storage devices, 
loads, and distribution networks. Microgrids can be operated in AC, DC, 
or AC-DC depending on the generation and load nature [3,4]. However, 
attention to DC microgrid is increasing as it has reduced conversion 
stages in generation (PV, Wind, fuel cells, Batteries, and load) and 
increased efficiency in DC load appliances (LED lighting, BLDC fans, and 
inverter-driven appliances like refrigerators, air conditioners). But any 
poorly managed standalone microgrid is always prone to reliability is
sues and increased operational costs. To achieve improved performance, 
reliability, and longevity of BESS, efficient energy management strate
gies (EMS) are required, which regulate power flow between sources 
and BESS to meet the load demand. These strategies may include a state 
machine approach, traditional proportional-integral (PI) control, fuzzy 
control, external energy optimization, equivalent minimization, and 
frequency decoupling authority [5]. 

1.1. Literature review 

In a DC microgrid, power fluctuations are governed by three aspects 
[6]: power exchange variability, power variations in power sources and 
storage systems, and sudden changes in DC load. An efficient EMS is 
required to handle power fluctuations and provide energy balance for 
long-horizon [7]. An EMS for integrated PV battery Module is developed 
in [8,9] considering three possible architectures: AC-coupled, DC 
coupled, and inline architecture. For these architectures, seven opera
tional modes are formulated and EMS is designed to control the system 
PV and battery power based on the operating mode. A coordinated 
strategy is designed for BESS, PV sources, and load management while 
considering battery state-of-charge (SoC) and battery power limitation 
[10], but a PV power regulation that might cause deep charging prob
lems in BESS during standalone operation has not been considered. An 
intelligent EMS using a combination of fractional-order proportional- 
integral-derivative (FO-PID) and fuzzy logic controller methods was 
proposed for a hybrid wind/PV/battery-based DC-microgrid in [11]. In 
this, a fractional order PID is used for MPPT of renewable sources and 
fuzzy logic control(FLC) for tuning the gains of FO-PID. In [12], an EMS 
for power management in DC microgrid is developed using DC Bus 
Signaling (DBS), which uses bus voltage as a communication signal 
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among the sources present in the microgrid. An EMS for PV/storage- 
based microgrid is presented in [13] using petri-nets modeling for 
each source, which is used to know the condition of each source. In 
energy management of a PV, batteries, and ultra capacitors are used for 
long-term energy supply and fast dynamic power regulation, respec
tively using Petri-nets modeling. 

The presence of uncertain PV [14] and wind [15] sources, and the 
issue of power supply regulation between the fuel cell systems and 
storage systems is challenging and requires special attention while 
designing energy management strategies [16]. In [17,18], a multi 
objective optimization approach is developed to properly coordinate 
The seamless power supply for electric vehicles is provided by the bat
tery, SC, and PEM fuel cells. However, the fuel cell is operated inde
pendently of the battery SoC. An energy management method for a 
photovoltaic system with BESS and fuel cells is proposed in [19], where 
a fuzzy logic controller (FLC) was used to maximize the PV power. The 
excess solar electricity is utilized to operate an electrolyzer to generate 
H2 and also to store the energy in BESS. However, the development of 
membership function are not detailed properly, and the system opera
tion under extreme conditions such as extreme SoCs is not considered. 
Similarly in [20], a combined and dynamic rule-based power regulation 
of an off-grid solar/wind, and HESS consisting of a lithium-ion, a lead- 
acid battery, and a SC is developed. In [21], an energy management 
system for photovoltaic (PV) and wind power systems, along with bat
tery storage is proposed so to fulfill the load requirements. A field- 
oriented control (FOC) technique of an induction motor (IM) powered 
by a PV system is used to manage the DC bus voltage. While both the 
sources are renewable, meeting the load requirements under all condi
tions might be challenging. 

In DC microgrid, a voltage management technique with power bal
ance limitation to minimize fuel exhaustion and increase performance is 
detailed in [22]. In [23], the functioning of the fuel cell is managed via 
an on-off switch threshold control technique based on the battery SOC. A 

predictive power management technique for switching the fuel cell and 
batteries based on predicted load demand and renewable energy source 
output power is proposed in [24]; However, the switching strategies 
might generate unnecessary transients in the microgrid. In [25], the 
authors presented an EMS for DC microgrid based on a multi-agent 
system implemented with Java Agent Development Framework 
(JADE), with PI controllers serving as EMS but this method is highly 
communication sensitive. Further, for PV–fuel cell–Battery–Super 
capacitor-based microgrid, an EMS using an adaptive fractional fuzzy 
sliding mode control (AFFSMC) technique is developed in [26]. 

Similarly, a model-based prediction control method was designed to 
maintain the voltage of DC bus and to restrict battery and fuel cell 
currents in [27,28]. In [29], an extremum seeking control scheme is 
developed in which the average power balancing is used to decrease the 
battery stack to a minimum level and efficiently operate the fuel cell 
stack. These energy management methods help to deal with power 
balancing challenges. Now a days, studies have been performed using a 
real hydrogen gas DC microgrid system. Due to technical restrictions, 
these methods are particularly very computationally intensive and place 
high demands on the computing performance of the controller. How
ever, the EMS does not fully address the fuel cell's operational efficiency 
or the coordinated control of various control objectives. As fuel cells 
have greater generating cost than other forms of distributed generation, 
the efficiency has a significant impact on system efficiency and eco
nomics [30]. 

1.2. Features of proposed EMS and control 

In this paper, an EMS for PV/fuel cell/ battery energy storage-based 
DC microgrid is developed to overcome existing challenges. This 
approach achieves the goals in a coordinated manner while regulating 
the fuel cell output power based on SOC and regulating hydrogen 
pressure and oxygen pressure while maintaining pres- sure difference 

Nomenclature 

PV photovoltaic 
SoC state of charge 
PH2max maximum safe pressure of the cylinder 
PO2 

oxygen gas pressure 
Vpv PV output voltage 
Ppv PV output power 
Dpv

old previous duty cycle of the PV 
SoCmin minimum limit of SoC 
Vdcref reference voltage signal 
kp proportional controller gain 
ifc fuel cell current 
Dbat battery duty cycle 
Pfcmax fuel cell maximum output power 
EMS energy management strategy 
DGM deficient generation mode 
β mid value of SoC limit 
Pbat battery output power 
PEM proton exchange Membrane 
PM phase margin 
iLbat bi-directional converter inductor current 
dbat bidirectional converter change in duty 
Cbat bi-directional converter output capacitor 
iload load current 
Lio, cl current loop gain of closed loop system 
GΔvdbat duty to voltage control transfer function 
BW band width 
HHV higher heating value 

BESS battery energy storage system 
PH2 

hydrogen gas pressure 
PH2min minimum hydrogen gas pressure 
MPPT maximum power point tracking 
Dpv PV duty cycle 
Pload load output power 
SoCmax maximum limit of SoC 
Vdc DC link voltage 
ibat* battery reference current 
ki integral controller gain 
ibat battery output current 
Pfc* fuel cell power 
Pfcmin fuel cell minimum output power 
EGM excess generation mode 
α saturation constant 
ΔV change in voltage 
MPP maximum power point 
BLDC brushless DC electric motor 
Lbat bidirectional converter inductance 
vbat bidirectional converter voltage 
vcbat bidirectional converter capacitor voltage 
Dbat bidirectional converter duty 
ipv PV current 
Lio, op current loop gain of open loop system 
Lvo, op voltage loop gain of open loop system 
Gibat

*dbat duty to current control transfer function 
LED light emitting diode 
LHV lower heating value  
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minimum to keep battery SoC within acceptable limits while ensuring 
efficient operation. The approach suggested classifies the complete 
system operation into nine possible operating states based on the battery 
bank's state of charge, the system's net demand power, and source 
output power. The following are the key contributions of the proposed 
standalone microgrid EMS: 

• A de-rating strategy for a PV system is designed to effectively over
come the deep charging of batteries under light load conditions.  

• The fuel cell power output power is controlled as a function of the 
battery's SoC to optimize the effective utilization of hydrogen fuel 
under light/medium loaded conditions and to minimize the deep 
discharge of the battery under heavily loaded conditions.  

• A reverse sigmoidal function-based BESS SoC is used to provide 
smooth regulation of fuel cell output power.  

• Real-time perturbations and operational conditions are considered in 
the hardware implementation of the proposed method.  

• Improved reliability by adjusting the fuel cell hydrogen and oxygen 
pressures to enhance the fuel cell output power, and the FC is 
operated at the maximum power point (MPP) to satisfy the addi
tional load demand. 

The rest of the paper is organized as follows: Section 2 describes the 
DC microgrid and source levetron trolleys operation. The proposed en
ergy management strategy is discussed in Section 3. Section 4 describes 
the Stability analysis of the proposed DC microgrid. The evaluation 
using simulations and different scenarios is detailed in Section 5 fol
lowed by experimental validation in Section 6. Finally, Section 7 con
cludes the paper. 

2. System configurations and control 

2.1. DC microgrid configuration 

The Schematic representation of DC Microgrid with PV, fuel cell, and 
BESS is shown in Fig. 1. In this scheme, the PV and fuel cell are con
nected to the common DC-link through respective DC/DC boost 

converters while BESS is connected through a DC/DC bi-directional 
converter. The bi-directional converter enables the charging and dis
charging of BESS and it is designed to tackle power mismatch between 
the sources (PV, fuel cell) and the load. An EMS for PV, fuel cell, and 
BESS is developed to minimize sources and load power mismatch to 
ensure the longevity [31] of BESS and efficiently utilize hydrogen fuel. 
In the DC microgrid, the PV system is expected to operate either in MPPT 
or off MPPT (de-rated) based on BESS State of Charge (SoC) and load 
demand. The fuel cells output power is regulated based on battery SoC. 
As the fuel cell output power also depends on hydrogen and oxygen 
pressure, these pressure are increased to a limit while keeping the 
pressure difference minimum so to meet the additional load demand, 
(especially under peak load conditions). The output power of the solar 
PV systems, fuel cell, and BESS sources is controlled with their respec
tive local controllers as per commands provided by the proposed EMS. 

2.2. Solar PV local control 

Solar PV systems [32–35] are usually expected to operate at MPP. 
However, in the standalone DC microgrid system, the PV system is ex
pected to operate either in MPPT mode or off-MPPT (de-rated) mode, as 
commanded by the proposed EMS (discussed in Section 3). For MPPT 
operation, the conventional perturb-and-observe MPPT [36] shown in 
Fig. 3 is used to track the maximum power point by taking Vpv and Ipv as 
inputs, For off-MPPT mode, the operating point of the PV system is 
shifted to the right side of the MPP (as shown in Fig. 2) that curbs PV 
output power to meet energy balance requirements in the system. This is 
achieved by varying boost converter duty cycle (Dpv) using conditional 
logic (Eq. (1)). 

Dpv =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Dold
pv + ΔDpv, ifPpv − Pload < 0

Dold
pv − ΔDpv, elseif Ppv − Pload > 0

Dold
pv otherwise

(1) 

Usually, under normal operating conditions, i.e., whenSoC < SoCmax, 
the PV system is operated in MPPT mode by extracting maximum 
possible solar power. But, whenSoC ≥ SoCmax, the proposed EMS sends a 

Fig. 1. Solar PV-fuel cell-battery standalone microgrid control and energy management strategy (EMS).  
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status signal Spv = 0 to PV controller indicating off-MPPT operation. 
Thus, the control now deviates from the MPPT and operates at reduced 
output power, which is equal to load power. Thereby avoids the deep 
charging of the battery. It is to be noted, during off-MPPT, the PV 

systems are operated on the right side of the MPP curve (as shown in 
Fig. 2) so to have a low deviation in PV voltage Vpv. This will support 
stable voltage operation in the microgrid. 

2.3. Control technique of the proton exchange membrane fuel cell 
(PEMFC) model 

2.3.1. PEMFC modeling 
The complete fuel cell model has been developed and considers the 

auxiliary systems as shown in Fig. 4. Fuel cells are classified according to 
their electrolyte, operating temperature, electrodes, and use of costlier 
catalysts. The PEMFC was chosen for this work because of its low tem
perature operating range of 72 to 100∘C, high output power densities of 
as much as 2W/cm2, solid membranes, long cycle life, and because it has 
the most widely used form. The energy provided by a fuel cell is derived 
from the thermodynamic energy produced by its electrochemical pro
cesses within the cell. Essentially, this energy is derived by the 
exothermic process of water content from H2 and O2 [37]. 

H2 +
1
2
O2 = H2O+Energy (2) 

This above energy is known as perhaps the enthalpy of structure ΔH 
= − 285.84kJ/mol (made reference to that as higher heating value 
(HHV)), and it may be categorized as the thermal energy, expressed by 
particular entropy ΔSkJ/mol. K calculated by multiplying by absolute 

Fig. 2. Solar P-V and V-I characteristics.  

Fig. 3. Flow chart of P&O MPPT for PV System.  
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temperature T, and productive work known as Gibbs free energies 
ΔGkJ/mol, that can be exported as electricity, and yet ΔG is restricted by 
the second law of thermodynamics. As a result, the amount of energy is 
[37]: 

ΔH = ΔG+ T.ΔS (3)  

where ΔG denotes the electrical work, which is described as the elec
trical charge Q [coulombs] from across the electrostatic potential E[V]: 

ΔG = − Q.E (4) 

Here Q has been the number of electron molecules (n), multiplied by 
(Faraday standard F = 96485 coulombs) for electron charge, then ΔG is 
as follows: 

ΔG = − n.F.E (5) 

Because the process is exothermic, the quantities of ΔG, ΔH, and ΔS 
become negative. As a result, the potential provided by the FC may be 
computed as follow 

E =
ΔG
n.F

=
− (ΔH − T.ΔS)

n.F
(6) 

This quantity must be changed to account for variations in temper
atures and pressures of reactants relative to their rated values (Tref= 25∘, 
Pref = 1atm). The consequence of temperature changes on potential is 
computed as follows, assuming that ΔH and ΔS remain consistent [37]: 

ΔE =
ΔG
n.F

(
T − Tref

)
(7) 

From the above equation, the temperature rises, and the potential 
decreases since ΔS = − 164J/mol. K is negative. 

Now, variations in partial pressures impact ΔG, being a function of 
specific volumetric V[m3/mol] and density of pressure change dP(asG =
V. dP), and the final solution that describes this relationship (according 
to the universal fundamental gas law V = R. T/P) is:  

ΔG = ΔGo −
R.T
n.F

.Ln
P0.5

O2
.P1

H2

P1
H2O

(8) 

In which ΔGo = − 237.17kJ/mol seems to be the Gibbs free energy 
during the standard test conditions, and R = 8.3143J/mol. K. This 
calculation assumes that perhaps the cell is operating on clean H2 with 
partial pressure PH2 as such fuel and clean O2 with partial pressure PO2 
as such oxygen and that we know that one mole of water with pressure 
PH2O (the product) requires one molecule of H2, 1/2(half)a molecule of 
O2 (i.e. reactants). As a result, the cell's potential is provided by [38]: 

Fig. 4. Fuel cell (a) P − I and V − I characteristic (b) Functional diagram.  

Fig. 5. I-V and I-P, and power- efficiency, curves of a fuel cell at constant hydrogen and oxygen gas pressure.  

Fig. 6. Power- efficiency, curves of a fuel cell at various hydrogen and oxygen 
gas pressures. 
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ENerst =
ΔGo

n.F
+

ΔS
n.F
(
T − Tref

)
+

R.T
n.F

.ln

(
P0.5

O2
.P1

H2

P1
H2O

)

(9)  

= 1.229 − 0.85*10− 3(T − 298.15)+ 4.3085*10− 5*T*ln

(

PH2 *
P0.5

O2

P1
H2O

)

(10) 

This is known as the Nernst equation. This refers to the highest 
voltage that the FC can provide owing to losses including overpotentials, 
which have been divided into four distinct types: 

2.3.2. The activation loss 
The above loss is recognized as the igniting spark required initiating 

the reactions. It is determined using a semi-empirical equation that takes 
into account the partial pressures (PH2,PO2), temperature (T), and the 
activator employed on the counter electrode: [39] The activation 
voltage dropVact is given as [40] 

Vact = [ξ1 + ξ2T+ ξ3Tln(CO2 )+ ξ4Tln(IFC) ] (11)  

where ξi(i = 1 − 4) represent the FC properties coefficients, CO2 (atm) 
represents the oxygen content in (mol cm− 3) provided by Eq. (10), and 
IFC represents the FC current. 

CO2 =
PO2(

5.08 × 106
)
× exp( − 498/T)

(12)  

2.3.3. The ohmic loss 
Vohmic is The ohmic-voltage drop was calculated as follows: 

Vohmic = IFC(RM +RC) (13) 

The Vohmic of the cell can be reduced by employing conductive 
substances as well as an electrolyte barrier. RC in Eq. (13) is the edge 

Fig. 7. DC-link voltage controller by using PI controller.  

Fig. 8. Reverse sigmoidal function.  

Fig. 9. Proposed system for energy management.  
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contact resistance, which would be considered to be constant because it 
is independent of FC operating temperature. RM seems to be the PEM's 
resistance, which is given by an empirical formula. 

RM =
rmtm

A
(14)  

rm =
181.6

[
1 + 0.03

( IFC
A

)
+ 0.0062

(
T

303

)2( IFC
A

)2.5
]

[
λm − 0.634 − 3

( IFC
A

) ]
exp
[(

4.18
(
T − 303

T

) ) ] (15) 

Here rm is the electrolyte barrier resistance in (Ω. cm), tm =

(0.0178cm) is the thickness of the barrier, A = 232 (cm2) is the func
tional region of the FC, and,ℷm is barrier water content with a normal 
value range of (0to14) and relative humidity of 100%. 

2.3.4. The concentration loss 
The voltage loss (Vcon) caused by overflowing of water inside the FC 

substances [41]: 

Fig. 10. Flowchart for modes of operation in PV, fuel cell and BESS system with proposed energy management strategy.  

Fig. 11. Stability analysis of feedforward loop system.  

Fig. 12. Bode plot for (a) current control loop, (b) voltage control loop.  
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VCon = −
RT
nF

*ln
(

1 −
IFC

iLA

)

(16)  

where n denotes the number of electrons moving towards the reactions, 
iL denotes the limitation current, and R denotes the gaseous universal 
constant. 

2.3.5. The cross over loss 
The partial pressure of (PH2,PO2), temperature (T), and barrier water 

content (λm) all impact the FC stack voltage. Furthermore, the FC voltage 
exhibits drooping V-I characterization due to a drop in voltage caused by 
activation, concentration, and ohmic losses. Taking these drops into 
account, the FC dc voltage is signified as [42]. 

Vcell = ENernst − Vact − Vohmic − Vcon (17) 

The total output voltages and power of said stacked FC were calcu
lated as follows: 

VFC = NFCVcell (18)  

PFC = VFCIFC (19)  

where, (NFC = 35) represents the number of FCs, (VFC), (IFC), and (PFC) 
represents the output power, voltage, and current of the FC stack, 
respectively. 

2.3.6. Stack efficiency 
The equation may be used to calculate the FC efficiency [43]. 

η = μf .
VFC

1.48
(20)  

where μf is the fuel utilization coefficient, which is typically within 95% 
of the range, and 1.48 V indicates the highest voltage attained by 
employing the higher heating value (HHV) for every hydrogen pressure 
enthalpy. In a fuel cell has a hydrogen pressure flow rate controller, fuel 
usage is kept constant. In this situation, hydrogen is given based on the 
load current. 

Fig. 13. BESS SoC = 80% with load changes (a) Load power (Pload) (b) Battery SoC(%) (c) PV power (Ppv) (d) Hydrogen pressure (Ph2), and Oxygen gas pressure 
(Po2) (e) Fuel cell power (Pfc) (f) DC link voltage (Vdc) 

P p
v(
W
)

So
C
(%
)

P l
oa
d(
W
)

P f
c(
W
)

V d
c(
V)

Fig. 14. BESS SoC = 20% with load changes (a) Load power (Pload) (b) Battery SoC(%) (c) PV power (Ppv) (d) Hydrogen pressure (Ph2), and Oxygen gas pressure 
(Po2) (e) Fuel cell power (Pfc) (f) DC link voltage (Vdc). 
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P p
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Fig. 15. Minimum BESS SoC = 40% with PV Shaded Condition (a) Load power (Pload) (b) Battery SoC(%)(c) PV power (Ppv) (d) Hydrogen pressure (Ph2),and 
Oxygen gas pressure (Po2) (e) Fuel cell power (Pfc) (f) DC link voltage (Vdc). 
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Fig. 16. Experimental setup.  

Fig. 17. BESS SoC = 80 % with load changes, (a) Load power (Pload), PV power (Ppv), Fuel cell power (Pfc), (b) Battery SoC (%), DC link Voltage (Vdc).  
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Fig. 18. BESS SoC = 80 % with PV shaded Condition (a) Load power (Pload), PV power (Ppv), Fuel cell power (Pfc), (b) Battery SoC (%), DC link Voltage (Vdc).  

Fig. 19. BESS SoC = 20 % with load changes (a) Load power (Pload), PV power (Ppv), Fuel cell power (Pfc), (b) Battery SoC (%), DC link Voltage (Vdc).  

Fig. 20. BESS SoC = 20 % with PV shaded condition (a) Load power (Pload), PV power (Ppv), Fuel cell power (Pfc), (b) Battery SoC (%), DC link Voltage (Vdc).  
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2.3.7. Calculating fuel cell system efficiency (ηFCS) 
The standard method for calculating the efficiency of a fuel cell 

power plant or other electrical generation device is to divide the net 
electricity generated by the higher heating value (HHV) of the fuel used 
[44] i.e., 

Electrical Efficiency =
Electricity generated

HHV of fuel used
(21) 

This is a reasonable method for calculating power plant efficiency 
because the power-plant operator purchases fuel (natural gas is sold by 
heating value) and sells electricity. However, the maximum theoretical 
limit to the electrical efficiency of a fuel cell system is represented by 
using the Gibbs free energy divided by the combustion heat of the fuel. 
In the case of the hydrogen fuel cell, this value is the Gibbs free energy/ 
HHV (237.2kJ/mole ∕ 285.8kJ/mole = 83%). The use of HHV here is in 
keeping with the method used in the United States to calculate efficiency 

for internal combustion (IC) engine/generators and gas turbine/gener
ator systems [45]. Some U.S. developers of high-temperature fuel cells, 
however, prefer the European convention and instead use the lower 
heating value (LHV) of hydrogen for efficiency calculations. The Joint 
Army-Navy-Air PForce (JANAF) Tables list the Gibbs free energy for the 
formation of water vapor from hydrogen and oxygen as 228.6kJ/mole, so 
the maximum theoretical efficiency of a complete fuel cell system based 
on the LHV of hydrogen is 228.6kJ/mole241.8kJ/mole, or 94.5 % . Using 
the LHV convention for calculating the efficiency of an electrical 
generator always yields numbers greater than those yielded by calcu
lations using the HHV for the same system. When quoting the electrical 
efficiency of an electric generator, it is important to indicate whether it 
is based on the HHV or the LHV calculation method. 

Practical fuel cells cannot achieve these maximum electrical effi
ciency values due to the presence of internal resistance losses and other 
losses. The practically calculated fuel cell efficiency using the number 

P l
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W
)

P
pv
(W
)
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C
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)

P f
c(
W
)

V d
c(
V)

Fig. 21. BESS SoC = 80%, load changes without EMS (a) Load power (Pload) (b) Battery SoC(%) (c) PV power (Ppv) (d) Hydrogen pressure (Ph2), and Oxygen gas 
pressure (Po2) (e) Fuel cell power (Pfc) (f) DC link voltage (Vdc). 
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(Eq. (20)) for varying output power is shown in Fig. 5(b). 
A practical fuel cell operating near its maximum power output might 

be able to produce only 154 kJ of electricity per mole of hydrogen 
consumed, with the rest of the heating value appearing as heat produced 
by the fuel cell. The calculation for such a fuel cell is 154 kJ/mol 285.8 
kJ/mol efficient (HHV). However, the remaining 46% of the energy 
produced can be recovered from the fuel cell system as co-generated 
heat [44,46]. 

As it is observed from Fig. 5(c). The fuel cell system efficiency is very 
low for the low value of output power and it is sharply increased with the 
increase in output power, up to a value of Pfcmin. Beyond this output 
power, although the rate of increase in efficiency with output power is 
positive, it is very small in magnitude. In this curve, the peak efficiency 
value (Pηfcmax) is observed when the fuel cells system output power is 
Pfcmax. On the further increase of output power, the efficiency is reduced 
with a small negative slope magnitude. From these efficiency charac
teristics, it can be observed that fuel cell system efficiency is merely 
constant when the output power of the system is between Pfcmin. and 
Pfcmin. Even at the MPP point, the efficiency is observed to be 7% lower 
than its peak value. Thus, taking this advantage the proposed strategy 
can be easily employed by maintaining the fuel cell minimum power, i.e. 
Pfcmin. (or power corresponding to the nose point in the efficiency curve), 
when batteries are overcharged and power balance is achieved by 
derating PV. During normal operation, the fuel cell is operating using a 
reverse sigmoidal function, delivering power between Pfcmin to Pfcmax. 
The reverse sigmoidal characteristics are modified accordingly to fit 
within the output power limits with in these ranges. Further, the 
different efficiency curves under different operating pressures of 
hydrogen and oxygen are also shown in Fig. 6. 

2.4. DC-link voltage controller by using BESS 

In BESS, a bi-directional DC/DC converter is employed to regulate 
common DC-link voltage. As BESS is regulating DC-link voltage, any 
power imbalance between sources and load demand is taken care of by 
BESS. The conventional cascaded voltage and current controller scheme 
[2] is adopted for BESS as shown in Fig. 7. The measured dc-link voltage 
(vdc) is compared with a reference voltage signal (vdcref) and fed to a PI- 
based voltage controller. The output of the controller is considered 
battery reference current (ibat*) and given in Eqs (22) and (23): 

Δv(t) = Vdcref (t) − Vdc(t) (22)  

i*bat(t) = kpΔv(t)+ ki

∫

Δv(t)dt − ipv(t) − ifc(t) (23) 

Here kp and ki are the gains of voltage PI controller. 
The battery reference current is limited using the saturation limits to 

avoid any prolonged over-current that can damage BESS converter 
switches. The battery current (ibat) measured is then compared with 
reference current signal (ibat*) obtained and fed to inner current PI 
controller which in turn provides duty-cycle (Dbat) as output. A PWM 
generator is used to generate the switching pulses that trigger bidirec
tional converter as per the duty cycle (Dbat) obtained from the controller, 
as shown in Fig. 7. 

2.4.1. Designing of BESS controller 
For the PI regulator of the battery, voltage controller dynamics is 

very slow compared to current controller dynamics, and switching fre
quency (fsw = 20KHz).The current controller gains are calculated based 
on the filter inductor inductance (Lf) and resistance (Rf) and converter 
switching frequency (fsw). First, the current controller is designed to 
have a bandwidth slower than the switching frequency. 

Thus, the current controller time constant Tc is chosen such that it is 
greater than the settling time of switching frequency, i.e., 

Tc =
10

2*Π*fsw
; (24) 

The proportional (Kpc) and integral controller (Kic) gains of the cur
rent controller are calculated using the pole zero cancellation approach. 
The zero of the PI controller (Kpcs + Kic) should cancel the pole of the 
system due to the series filter ( 1

Lf s+Rf
). Thus 

Kpc =
Lf

Tc
(25)  

where, Lf= inductance value (henry) 

Kic =
Rf

Tc
(26)  

where, Rf = inductor resistance (ohms). Similarly, the voltage controller 
is designed with a lower bandwidth than the current controller. Let Tv 
the time constant of the voltage controller be greater than the settling 
time of the current controller. Tv = 5 to 10 times of Tc (settling time of Tc) 
Now the proportional (Kpv) and integral (Kiv) gains of the voltage 
controller are calculated by fixing one of the gains to a constant and 
having a time constant Tv. Thus assuming the Kiv = 50, the Kpv is 
calculated as 

Kpv = Tv*Kiv (27) 

It needs to be noted that if ibat* is positive while Δv is positive, the 
input power to the dc-link is greater than that of the output power, and 
vice versa. Thus the DC-link voltage is raised (or reduced) to make the 
net power imbalance and voltage deviation across the DC-link zero. 
Typically, when the load demand is high, and the battery SoC is greater 
than battery SoCmin the bidirectional converter operates as in boost 
mode (discharging mode) supply when using power from the battery. 
When load demand is low, and battery SoC is less than the upper limit, 
the battery operates in buck mode (charging mode or floating mode). 

3. Energy management strategy (EMS) 

In this paper, to efficiently utilize sources (PV, fuel cell, and BESS) for 
supplying load demand, to improve longevity, and to ensure minimum 
consumption of hydrogen, an EMS scheme has been proposed. Here, a 
rule-based controller scheme is implemented for EMS by considering 
load (Pload) and battery SoC level. The proposed system for EMS is shown 
in Fig. 9. In EMS, Battery SoC is monitored and the operating points for 
all the sources are calculated to maintain SoC within limits while 
regulating the DC-link voltage at nominal value. In all operating con
ditions, Spv represents PV status that is fed to PV local controller (Spv =

1), which represents MPPT operation. While (Spv = 0), represents off- 
MPPT operation. The PV system is typically operated at MPPT. For 
efficient operation, fuel cell is typically operated in de-rated (off-MPPT) 
to have not much difference of efficiency. The fuel cell operating power 
reference signal is obtained using a reverse sigmoidal function of battery 
SoC (shown in Fig. 8), which is mathematically formulated as: 

P*
fc = Pfcmin +Pfcmax .

exp(α(β − SoC)
1 + exp(α(β − SoC)

(28) 

Here α is saturation constant, β is the mid-value of SoC limits (typi
cally chosen between 45 % − 55 %) and Pfcmax is the maximum 
possible power generation for considered Ph2 and P02 of the fuel cell. 
Based on power mismatch between the sources and load (Ppv + Pfc −

Pload), the DC microgrid operation can be broadly classified into two 
different modes of operation, (1) Excess Generation Mode (EGM). (2) 
Deficit Generation Mode (DGM) as shown in Fig. 10. 

3.1. Excess generation modes (EGM) (Ppv + Pfc > Pload) (modes: 1–5): 

In EGM, the sum of average power from PV (Ppv) and fuel cell (Pfc) is 

R. Gugulothu et al.                                                                                                                                                                                                                             



Journal of Energy Storage 57 (2023) 106274

13

greater than Pload; under this, five operating modes are possible as shown 
in Fig. 10: 

Mode 1 & 2 (SoC ≤ SoCmin): In these modes, the objective of EMS is to 
increase SoC of the battery to bring it within limits. Hence, in both 
modes, the PV and fuel cell systems are always operated at MPP for a 
given solar irradiance, hydrogen and oxygen pressure, respectively. In 
mode 1, when Ph2 ≥ Ph2max, Po2 ≥ Po2max i.e., Ph2, Po2 are held constant at 
maximum value, which means that the fuel cell output power is at 
maximum rating, and Ph2, Po2 difference is maintained at minimum 
value. The fuel cell continues to operate at the same point maintaining 
maximum power level till SoC increases beyond the lower limit. In mode 
2, when Ph2 ≤ Ph2max, Po2 ≤ P02max the power of fuel cell (Pfc) is slightly 
increased as per reverse sigmoidal function given by Eq. (28) to operate 
it at maximum fuel cell power mode, hydrogen, and oxygen pressures 
Ph2max, Po2max so as to ensure fast charging of BESS. 

Mode 3 & 4 (SoC ≥ SoCmax): In mode 3,the PV is operated in off- 
MPPT (derating) mode to ensure that BESS is either in floating mode or 
discharging mode. In mode 3, when Ppv ≥ Ppv, i.e., the fuel cell generates 
derated power for supplying (Ph2), with (Po2) minimum value; the EMS 
continues to maintain minimum power till battery SoC falls below 
SoCmax. In mode 4, when Ppv ≤ Pload, PV operating in MPPT mode, fuel 
cell supplied the power generated is as per the reverse sigmoidal func
tion (Eq. (28)), shown in Fig. 1 to ensure that battery operates either in 
floating mode or discharging mode. 

Mode 5(SoCmin < SoC < SoCmax): In mode 5, the PV is operated in 
MPPT mode while the fuel cell operates based on reverse sigmoidal 
function and charges the battery SoC to have a DC-link power balance 
and maintains DC link voltage nominally with reference to vdcref. 

3.2. Deficit generation modes (DGM) (Ppv + Pfc < Pload) (modes:6–9): 

In DGM, the sum of powers from the sources PV (Ppv) and fuel cell 
(Pfc) is less than load demand (Pload). Under DGM, there can be four 
operating modes as shown in Fig. 10. 

Mode 6 & 7 (SoC ≤ SoCmin): The PV system and fuel cells are run at 
MPP in modes 6 and 7, respectively, for a given amount of solar irra
diation and hydrogen and oxygen gas partial pressure. In mode 6, when 
Ph2 ≥ Ph2max, Po2 ≥ Po2max i.e., Ph2, Po2 are maintained constant at 
maximum value; it signifies that fuel cell output power is at maximum 
rating, and Ph2, Po2 different is kept to a minimum value. Furthermore, if 
the load demand is not met using both PV and fuel cell and, optional 
loads are shed. This ensures that BESS doesn't discharge extensively. In 
mode 7, when Ph2 ≤ Ph2max, Po2 ≤ P02max the power of the fuel cell Pfc is 
slightly raised according to reverse sigmoidal function provided by Eq. 
(28) to operate it at maximum hydrogen, and oxygen pressures Ph2max, 
Po2max so as to ensure quick charging of BESS. 

Mode 8 & 9: For modes 8 and 9, PV is operated at MPP in modes 8 and 
9. In mode 8, battery SoC ≥ SoCmax or SoCmin > SoC > SoCmax; in this 
condition the fuel cell is supplied based on the reverse sigmoidal func
tion as shown in Fig. 1, and the battery discharges up to above the lower 
limit. In mode 9, when SoCmin > SoC > SoCmax, PV operates as MPPT 
mode, battery SoC is maximum so it discharges up to above the mini
mum level of battery, and the fuel cell provides the load power based on 
reverse sigmoidal function as shown in Fig. 1; PV power, and battery 
power, are kept constant to maintain the load demand continuously. 

Flowchart for modes of operation in PV, fuel cell and BESS system 
with proposed energy management strategy. 

4. Stability analysis of proposed microgrid 

The stability of the DC microgrid while regulating dc-link voltage is 
analyzed in this section. As the dc-link voltage controller remains the 
same in all control operating modes, stability is analyzed by considering 
DC-link voltage as system output and its controller is designed so as to 
have sufficient phase margin to the system open-loop transfer function. 
As BESS uses bidirectional boost converters, the transfer functions of the 

converter system are derived from the inductor current and capacitor 
voltage dynamics (Eqs. (29) and (30)), respectively. 

Lbat.
diLbat(t)

dt
= vbat − (1 − dbat)vcbat (29)  

Cbat.
dvcbat(t)

dt
= (1 − dbat)ilbat −

(
− iload + ipv + ifc

)
(30) 

The voltage control transfer functions [2,47], are generated using the 
state space averaging approach as follows: 

GΔvdbat =
Δv̂bat(s)
d̂bat(s)

=
(1 − Dbat)vdc − LbatILbats

LbatCbatS2 + Lbat ibat
Vdc

s + (1 − Dbat)
2 (31) 

Moreover, the current control transfer function is computed as 
follows: 

Gi*batdbat =
î i*bat

(s)

d̂bat(s)
=

CobatVdcs + 2(1 − Dbat)ILbat

LbatCbatS2 + Lbat ibat
Vdc

s + (1 − Dbat)
2 (32) 

The simplified transfer function model with feedback control loop of 
BESS system is shown in Fig. 11. Here, it is noted that disturbance caused 
by exogenous inputs (ipv, ifc, and iload) are eliminated using the feed 
forward loop [47] shown in Fig. 11. The battery current control loop is 
designed for a bandwidth of (5–10) less than the switching frequency, so 
that the controller action towards switching transients is avoided. The 
loop gain of the battery current control loop is given by: 

Lio ,op = PIi*bat
.GIi*bat

.H1 (33)  

and the transfer function of a closed loop current control loop is: 

Lio ,cl =
PIi*bat

.GIi*bat

1 + PIi*bat
.GIi*bat

.H1
(34) 

The inner current controller PI gains are assigned using MATLAB/ 
SISO toolbox. In the battery, inner current loop is designed with a 
bandwidth of 5000rad/s to ensure fast operation of battery during load 
transients and the phase margin is selected as 60◦ to provide sufficient 
damping and exhibit stable closed-loop operation. Fig. 12 depicts the 
bode diagram for such compensated and uncompensated battery current 
loop systems. 

Lvo ,op = Lio,cl .Gvi*bat
.PIΔv (35) 

The outer voltage controller is designed with a loop bandwidth of 
500rad/s and phase margin of 60◦. The Bode plot with and without 
compensator is shown in Fig. 12. The blue line represents the uncom
pensated system, whereas the red line represents the proposed accurate 
model [48,49]. 

5. Simulation studies 

The efficacy of the proposed EMS was evaluated by simulating the 
DC microgrid system as shown in Fig. 1 in MATLAB/Simulink. The 
specifications of the PV systems, fuel cells, and battery along with their 
respective converter and control parameters used in simulation studies 
are detailed in Table. 2. The fuel cell generates a maximum output 
power (Pfcmax = 220W) for a maximum safe hydrogen pressure range 
(Ph2 = 5.02bar). The hydrogen pressure of the fuel cell cylinder is 
controlled through pressure control valve detailed in Sections 2, and 3. 
BESS is controlled using the cascaded control loop method for DC link 
voltage regulation. In this, the inner current controller is tuned using 
pole-zero placement approach and the outer voltage controller is tuned 
using the symmetrical optimal method. The upper and lower limits of 
battery SoC are considered as SoCmax = 80% and SoCmin = 20 % . and the 
EMS is designed to operate the battery within the limit of SoC. Further, 
for all test scenarios, the resistive loads are considered across the DC link 
and BESS local controller and it is designed to maintain DC link voltage 
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at a reference nominal value of vdcref=100V. 

5.1. Scenario 1 (SoC = 80 %): 

In this scenario, the battery SoC is near its upper limit SoCmax as 
shown in Fig. 13(b). For these conditions, the performance of the pro
posed EMS is evaluated under varying load conditions. The initial load 
on the DC microgrid is Pload = 280W, and battery SoC is at 80% as shown 
in Fig. 13(a) and (b). As the battery SoC is at its upper limit, to avoid 
deep charging of the batteries, the proposed EMS, sends an Spv = 0 signal 
to PV local control that makes PV operate in load follower mode for 
avoiding further charging of the battery. During this cycle, the hydrogen 
pressure is maintained at a minimum value based on reverse sigmoidal 
function output and the DC-link voltage is maintained at 100V by BESS 
controller. At time t = 3.5s, the total load Pload in DC microgrid is 
increased to 614W (Fig. 13(a)). As the load demand is increased, the 
battery starts discharging, and SoC falls below its upper limit. Based on 
this data, the proposed EMS provides PV MPPT on signal (Spv = 1) to PV 
controller and enables MPPT operation as shown in Fig. 13(c). However, 
as the load Pload = 614W is greater than PV MPP output power Ppv =

430, BESS continues to discharge by supplying Pbat = 140W. During this 
phase, the fuel cell is still supplying at minimum generation around 
Pfcmin = 38W as shown in Fig. 13(e). At t = 9.5s, the load demand is 
reduced to 280W which results in the battery discharging till SoC <
SoCmax. When BESS SoC reaches the maximum limit, the proposed EMS 
sends the off-MPPT signal to PV controller and makes PV operate in 
derated mode with output power condition Ppv = Pload as shown in 
Fig. 13(c). Again, at t = 18s, the load demand increases to 380W, as SoC 
≥ 80%; the PV continued to operate at Off-MPPT PV output equal to load 
demand. During this phase, the battery was operated in floating mode, 
and the fuel cell at minimum generation mode as shown in Fig. 13. 

5.2. Scenario 2 (SoC = 20%): 

In this scenario, the battery SoC is near its lower limit (SoCmin) as 
shown in Fig. 14(b). in these conditions, the performance of the pro
posed EMS is evaluated for varying load conditions. The initial load on 
the DC microgrid was Pload > Ppv + Pfc, and battery SoC was at 20% as 
shown in Fig. 14(a) and (b). The proposed EMS operated PV and fuel cell 
system in MPPT mode and fuel pressure is maintain in minimum mode is 
shown in Fig. 14(c), (d), (e), and the battery discharged to maintain the 
load demand while also avoiding deep discharging of the batteries. The 
optional load was shed at t = 2s with net load being Pload = 500W. The 
battery started to charge. Further, the charge at t = 8s led the load to 
being further reduced to Pload = 400W battery at a faster rate. At t = 14s 
the load increased and reached Pload = 790W, During this time, BESS 
discharged to maintain the load demand. At t = 20.5s, to avoid deep 
discharging, the load demand was again reduced as shown in Fig. 14. 

5.3. Scenario 3 (SoC = 40 %, PV shaded condition): 

In this scenario, load demand was maintained constant (Pload =

670W) as shown in Fig. 15(a). Initially, the battery SoC was considered 
at 40% within limits of SoCmin and SoCmax as shown in Fig. 15(b). During 
this phase, the PV was operated in MPPT mode, and the fuel cell power 
reference was obtained from reverse sigmoidal function of BESS SoC at 
Pfc* ≈ 0.84Pfcmax = 193.2W. BESS was operated in discharging mode 
with Pbat = 51W to maintain the load demand as shown in Fig. 15(f). At 
4s, due to cloud shade, the PV output power was reduced to Ppv = 360W 
as shown in Fig. 15(c), and fuel cell output was held at Pfc = 193.5W as 
shown in Fig. 15(e). The additional load demand was met by the battery 
Pbat = 120W with increased rate of discharge as shown in Fig. 15(b). At 
time t = 9s, the solar PV system irradiance was restored due to which the 
battery discharging rate reduced as depicted in Fig. 15(b). 

6. Experimental results 

The proposed EMS was validated using a hardware DC microgrid 
prototype model shown in Fig. 16. The schematic diagram of the hard
ware prototype is the same as in Fig. 1 with different ratings, which are 
tabulated in Table.2. A programmable PV simulator (Magna power 
electronics XR 250-6.0/200+PPPE+SL) was used to replace the PV 
system, the PEMFC (H-50 Horizon) with hydrogen a pressure (Ph2) 
ranging from 1 to 5.02 (Bar) performed at 12V, 4.1A, and 40% effi
ciency, and two series-connected 12V/120Ah lead–acid batteries were 
used as sources, The local controllers of the individual source and the 
proposed EMS were implemented in dSPACE-DS1104 controller. The 
system was designed to maintain DC-link voltage at reference Vdcref =

48V. Further, LEDs and incandescent bulbs were used as the DC loads in 
this system as shown in Fig. 16. 

6.1. Scenario 1 (SoC = 80 %): 

In this case, the performance of the proposed EMS was evaluated for 
varying load conditions while the battery SoC was near its upper limit 
with SoC ≈ 80%, as shown in Fig. 17. Initial Pload ≈ 80W, Ppv ≈ 70W, and 
Pfc ≈ 2W. As Pload > Ppv + Pfc and SoC ≈ 80%, the proposed EMS ensured 
that the MPPT operation for PV and fuel cell was in minimum power 
operation mode so that the battery discharged by supplying additional 
required power Pbat ≈ 8W. At the time, t1, the total load was Pload in DC 
microgrid and it decreased to 73W(Fig. 17(a)). Even though the load 
decreased, Pload > Ppv + Pfc, the PV and fuel cell showed similar opera
tion to that in pre-disturbance phase. However, the battery output power 
(Pbat) reduced to 1W. At time t2, the load was brought back to the initial 
value, which made all sources deliver the same output power as pro
vided during the initial operation. 

6.2. Scenario 2 (SoC = 80 %, PV shaded condition): 

In this case, the load demand was held constant at (Pload = 72W) and 
PV was shaded from t1 to t2 as shown in Fig. 18(a). Initially, as Pload > Ppv 
+ Pfc and SoC ≈ 80%, the PV was operated in MPPT with output power 
Ppv = 70W; the fuel cell was operated at minimum power with Pfc = 2W 
and the battery was in floating mode. At t1, PV irradiance reduced which 
also decreased PV MPP to Ppv = 60W. As Pload > Ppv + Pfc and SoC ≈ 80%, 
the battery supplied power of Pbat = 10W to meet the load demand as 
shown in Fig. 18(b). At t2, PV irradiance was restored to initial value due 
to which the battery was operated in floating mode. 

6.3. Scenario 3 (SoC = 20 %): 

Initially, Pload ≈ 82W, Ppv ≈ 70W, Pfc ≈ 50W, and SoC ≈ 20%. The 
recommended EMS assured MPPT operations for PV, and fuel cell for 
maximum power operations to sustain load demand and charge the 
battery with a power rating of Pbat = 38W are done by delivering 
additional power from fuel cell, as Pload < Ppv + Pfc and SoC ≈ 21%. The 
load demand Pload in DC microgrid is reduced to 74W at time t1, as 
illustrated in Fig. 19(a). Even though the load is reduced, PV is unable to 
meet the load requirement; thus, fuel cell inputs hydrogen to the 
maximum in supplying mode (Pfc = 46W) in combination with PV to 
meet the load demand, and charge the battery. At time t2, the load is 
reset to power output as shown in Fig. 19(a), (b). as all sources generate 
the same power as initial operation. 

6.4. Scenario 4 (SoC = 20 %, PV shaded condition): 

As illustrated in Fig. 20 (a), the total load is kept constant at (Pload =

82W), and PV is shaded from t1 to t2.At first, because Pload > Ppv and SoC 
≈ 20%, the PV functioned in MPPT with a power output of Ppv = 70W, 
and the fuel cell was required to implement maximum output power 
mode with Pfc = 50W to sustain power demands and recharge the 
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battery with an output power of Pfc = 38W. At t1 instant, PV irradiation 
was lowered from 1000W/m2 to 700W/m2 which also lowered PV MPP 
to Ppv = 60W. Because of Pload > Ppv and SoC ≈ 20%, a fuel cell with a 
power rating of Pfc = 50W is required to fulfill the load demand and 
charge the battery, as shown Fig. 20 (a), and (b). The PV irradiation is 
returned to its initial value at t2, allowing the battery to function in 
charging mode. 

7. Comparative studies 

In the current research, the PI control in MATLAB was configured 
with three input signals to the PV, FC, and battery. The efficacy of the 
proposed EMS is evaluated by comparing against the existing ap
proaches developed in [50,51] and their comparison is tabulated in 1. 
The Strategy I and II are taken from [50,51], respectively. The isolate 
microgrid with PV, fuel cell, battery, and load power under two different 
operating conditions with battery SoC is maximum condition (SoCmin =

80%) and minimum condition (SoCmin = 20%)are considered for direct 
comparative analysis. In Table 1, an analytical comparison of existing 
techniques under these operating scenarios with load fluctuation is 
presented. 

7.1. Energy management strategy comparison with method in [50] 

Figs. 21 and 22 show the system operation with EMS in [50] and 
proposed strategy. In Fig. 22, initially, from t = 0s to 2s, Pload = 700W, 
and PV is operated at MPPT with Ppv = 430W, and fuel cell is supplying a 
power of 220W as load is greater than generation, the battery is in 
discharging mode. When the load is suddenly reduced to (Pload = 600W) 
at 2 s, the battery starts charging and goes beyond maximum SoCmax, i. 
e. 80%, leading to deep charging mode as shown in Fig. 22. At t=5s, the 
load is again increased to 700W, thus discharging battery. But with 
proposed EMS technique (shown in Fig. 22), at t = 2s, when the load 

demand falls to Pload = 435W, the total demand is less than the gener
ation. This enables the charging of battery, however, battery SoC 
reached to 80%, the PV is automatically derated to 400W to avoid deep 
charging as shown in Fig. 22. 

7.2. Advantages of proposed method 

Typically, Fuzzy Logic Controller (FLC) [52], artificial neural 
network (ANN) algorithms [53], An adaptive neuro-fuzzy inference 
system (ANFIS) [54] methods are used for decision making problems. 
The major draw-back of these controllers is that it requires large 
numbers of training data and intense computational facilities. However, 
the implementation of rules based heuristic strategy is fairly simple and 
straight forward. In these approaches there is no requirement of large 
data set for training and does not need huge computational facilities and 
control actions are highly reliable. This makes it more feasible for real- 
world problems and can be implemented using already available 
computational facilities. Owing to these advantages, the author 
preferred the rule-based heuristic approach over any other artificial 
intelligent approaches However, these approaches are also having few 
challenges, especially; to frame the rules an expert knowledge is 
required. 

Table 1 
Comparison of the proposed method against strategies [50,51].  

Operation 
condition of DC 
microgrid and 
status of 
battery 

Strategy-I [50] Strategy-II [51] Proposed EMS 

Case.1: (SoC≥
80%), under 
load 
variation 

The PV controller 
is not designed to 
have derating 
mode. 

The PV controller 
is not designed to 
have derating 
mode. 

The PV system can 
operate in derating 
mode as per 
requirement. 

The battery can be 
over charged 
beyond safe limits 
under light load. 

The battery can be 
over charged 
beyond safe limits 
under light load 

The battery SoC is 
maintained at 
maximum limit, by 
derating PV. 

Case.2: (20%<

SoC<80%) 
under load 
variation 

The fuel cell 
operates at 
constant power 
with no control 
over the Ph2 and 
Po2 pressure. 

The fuel cell 
operates output 
power is varied by 
using addition 
control command 
from the 
controller. But no 
control over the 
Ph2 and Po2 
pressure 

The fuel cell power 
output is regulated 
using reverse 
sigmoidal function 
SoC, without loosing 
much of fuel cell 
efficiency 

Case.3 (SoC≤
20%), under 
load 
variation. 

The PV system is 
operating in 
MPPT Mode 

The PV system is 
operating MPPT 
Mode. 

The PV system is 
operating in MPPT 
Mode. 

The battery can be 
deeply 
discharged. 

The battery can be 
deeply 
discharged. 

The battery SoC 
maintains 
(discharging, 
charging, and 
floating modes) by 
regulating the Ph2 
and Po2 pressures 
within limitations.  

Table 2 
System parameters.  

Parameters name Simulation parameters Experimental 
parameters 

Specification for solar PV at STC (1000W/m2, 25◦C) 
Power at MPP (W) 54.69 70.2 
Voltage at MPP (V) 16.88 31.2 
Current at MPP (A) 3.24 2.25 
Voltage at Voc (V) 21.1 39.36 
Current at Isc (A) 3.6 2.5 
No of cells 48 96 
Each cell voltage(V) 0.44 0.41 
Input capacitor Cin 

Output capacitor Cout 
500Мf 
500μF 

500μF 
500μF 

Inductor (Lpv) 4 mH,0.001× 4.5 mH  

Specifications of PEMFC 
Rated power (W) 220 50 
Number of cell 48 20 
Purging at a voltage (V) 12 12 
A (cm2) 27 25 
lμm 127 135 
Jmax (mA/cm2) 6.5 – 
Ph2 pressure (bar) 1.00–5.21 (as per BESS 

SoC) 
1.00–5.21 

Temperature 343.15–353.15(K) 5⸰ To 30⸰ 
Purity of hydrogen >99.995 % of dry Ph2 >99.995 % of dry Ph2 

Shut down for over current 
(A) 

12 12 

Shut down for low voltage 
(V) 

12 12 

shut down at over temp – 65⸰ 
Time taken for start up Immediate <30s at ambi-ent temp 
Reactants Hydrogen and Air Hydrogen and Air 
Cooling – Air Cooling fan 
Flow rate at max output 

power 
– 840 ml/min 

Efficiency 54 % 40 % 
Input capacitor Cin 

Output capacitor Cout 
500Мf 
500 μF 

500Мf 
500 μF 

Inductor (Lfc) 4 mH, 0.001× 8.5 mH  

Specification of BESS 
Battery choice Lead–acid battery Lead–acid battery 
Rating in ampere hour 120 Ah 120 Ah 
Nominal voltage 12 V 12 V 
Charging rate C/10 C/10 
Capacitor (Cbat) 2000 μF 500 μF 
Inductor (Lbat) 4.8 mH, 0.001× 7.2 mH  
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8. Conclusions 

In this paper, an effective EMS was proposed for standalone DC 
microgrid with PV/fuel cell/energy storage Systems. The EMS is 
developed for improved longevity of battery by maintaining the bat
tery's SoC in an acceptable range and also for reduced hydrogen fuel 
intake in a fuel cell without compromising the system reliability. In 
normal operation, the PV system operates in MPPT mode to maximize 
the utilization of renewable energy. The fuel cell is operated as a func
tion of battery SoC to avoid deep charging/discharging of the battery, 
which also improves the fuel cell efficiency. The battery bank is 
managed by EMS to ensure balanced power distribution sources and 
load, while regulating DC link voltage. The improved functionality of 
EMS manages the power flow between the fuel cell generating system 
and the storage battery under various operating conditions. The oper
ating conditions are classified into 9 operational states based on BESS 
SoC, the system's total demand power, as well as optimal working points 
of distributed generators. These operational modes enable the de-rated 
operation of PV system under light load and high SoC conditions, 
MPPT operation of fuel cell under heavy load and low SoC. This avoids 
deep charging/discharging of batteries thereby improving their 
longevity, efficiency of the fuel cell under normal conditions, and in
creases reliability of the system under extreme conditions. The proposed 
EMS was validated in simulation and on hardware DC microgrid pro
totype under various battery SoC levels and loading conditions. Ac
cording to the results, this method is able to regulate diverse distributed 
generation systems while maintaining power balance, as well as opti
mizing the DC microgrid system. In Further, the EMS can be slightly 
modified for effective operation of the system under transient conditions 
while limiting the battery discharge rate within acceptable limits using 
super-capacitor. Additionally, the application of the proposed EMS al
gorithm can be extended to microgrids with heterogeneous distributed 
generators. 
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