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Abstract – This paper is related to an alternative energetics 

microgrid with a wind generator and a hydrogen energy storage 

system. The main aim of this research is the development of 

solutions for effective use of the wind generators in alternative 

energetics devices, at the same time providing uninterrupted 

power supply of the critical loads. In this research, it was 

accepted that the alternative energetics microgrid operates in an 

autonomous mode and the connection to the conventional power 

grid is not used. In the case when wind speed is low, the necessary 

power is provided by the energy storage system, which includes a 

fuel cell and a tank with stored hydrogen. The theoretical 

analysis of the storage system operation is made. The possible 

usage time of the stored hydrogen depends on the available 

amount of hydrogen and the consumption of the hydrogen by the 

fuel cell. The consumption, in turn, depends on used fuel cell 

power. The experimental results suggest that if the wind 

generator can provide only a part of the needed power, the 

abiding power can be provided by the fuel cell. In this case, a 

load filter is necessary to decrease the fuel cell current pulsations. 

Keywords – DC-DC power converters; Energy resources; 
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I. INTRODUCTION

In [1], [2], the strategic objectives of the renewable energy 

resources (RES) use were established: 

 decrease in the use of fossil fuel;

 decrease in the costs of fuel import;

 decrease in the energetics complex environmental

pressure;

 provision of the energy of the decentralized consumers

and regions with a remote or seasonal delivery of fuel.

For the realization of the functions of renewable sources 

integration and the power supply of decentralized consumers, 

the alternative energetics microgrids [3] are used. Such 

microgrids by the definition can operate synchronously with 

the conventional power grid or in autonomous mode, 

according to technical and economical requirements [4]–[7]. 

The main aim of this research is to develop the solutions for 

effective use of the renewable energy resources (wind 

generators in particular) in alternative energetics devices, at 

the same time providing uninterrupted power supply of the 

critical loads. It was accepted that the researched alternative 

energetics microgrid operates in an autonomous mode, and the 

connection to the conventional power grid is not used. In this 

case, an uninterrupted power supply can be provided by using 

the energy storage system (ESS). The ESS based on hydrogen 

was chosen in this work. The experiments were planned at a 

reduced scale, and the reference for the DC bus was 40 V, 

which was necessary for the safety of the work and for the 

establishment of the main principles of the system. 

II. DC MICROGRID WITH RENEWABLE ENERGY SOURCES

A. Configuration of the DC Microgrid

According to [8]–[12], there are three basic configurations 

of microgrids: DC coupling, AC coupling, and DC and AC 

coupling. The advantages of DC coupling [9], [13]–[19], 

compared to AC coupling, are RES integration with smaller 

conversion losses, uninterruptible power supply by using ESS, 

simpler control, etc. 

In the DC microgrid (Fig. 1), generating components 

(power grid or RES), loads, and ESS are connected to the DC 

bus through the AC-DC or DC-DC converters. Depending on 

the power grid operator rules, the energy generated by RES 

can be transferred to the power grid [20]–[22]. 

B. Wind Generator as the Basic Energy Source

In the case of DC grid, it is reasonable to use the wind 

generator that includes a synchronous generator with 

permanent magnets [23]. Thus, the converter, which will 

provide full power electronic conversion, is necessary (Fig. 2). 

For the experiments, the buck-boost converter [24] was 

chosen, as at the rated generator speed the output DC voltage 

already exceeds the DC bus voltage.  
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Fig. 1. Configuration of the alternative energetics DC microgrid. 

The chosen topology (Fig. 3) can operate in voltage step-

down and step-up modes that are required for the power 
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supply system with a 600 V DC-bus voltage level. The 

previous experiments showed that this type of the converter 

ensures high efficiency at the rated power [25]–[27]. In step-

down (buck) mode, this scheme matches the classic buck 

converter (elements C1, Q1, D1, L1, and C2) with the series 

diode D2 on the output. The transistor Q2 is constantly off, 

and Q1 is working in PWM mode. In step-up (boost) mode, 

the circuit operation is similar to that of the boost converter 

with the parallel-connected diode D1 on the input. The 

transistor Q1 is constantly in conduction mode, and Q2 is 

working in PWM. 

III. HYDROGEN-BASED ENERGY STORAGE SYSTEM

The hydrogen energy storage system [28], [29] includes 

three main components (Fig. 4): 

 electrolyser – used to break down water into hydrogen

and oxygen;

 tank – used for storing the compressed hydrogen;

 fuel cell – used for the conversion of the stored chemical

energy (hydrogen) into electrical energy.

The electrolyser and the fuel cell are connected to the DC 

bus through the corresponding converters, but the electrolyser 

can be excluded from the system; in latter case, the tank is 

used as a limited hydrogen source. The pressure regulator is 

used for ensuring the necessary hydrogen pressure for the fuel 

cell. 

Wind 

Generator

Rectifier
Buck-Boost 

DC-DC

Converter

Control 

System DC Bus

PWM1 PWM2

VdVg,ac Vg,dc

Fig. 2. Connection of the wind generator to the DC bus: Vg,ac – wind generator 

output AC voltage; Vg,dc – wind generator rectified voltage; Vd – DC bus 
voltage; PWM1 – control signal for the buck mode; PWM2 – control signal 

for the boost mode. 
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Fig. 3. Buck-boost DC-DC converter: C1, C2 – input and output filters; Q1, 

Q2 – power switches; D1, D2 – power diodes; L1 – inductor; Vg,dc – wind 

generator rectified voltage; Vd – DC bus voltage; Idcdc – current from the DC-
DC converter. 

The main parameters of the fuel cell used in the microgrid 

are given in Table 1. The operation pressure is in the range 

from 515 kPa to 690 kPa, and the output of the pressure 

regulator is: 

H2,max H2 H2,max

H2,p.r.

H2 H2 H2,max

,

,

p p p
p

p p p


 



(Pa), (1) 

where pH2 – hydrogen pressure in the tank, Pa; 

pH2,max – maximum fuel cell operation pressure, Pa. 

TABLE I 

FUEL CELL PARAMETERS 

Parameter Value 

Rated power 8.5 kW 

Operation voltage 27–36 V 

Operation current 0–350 A 

Hydrogen consumption ≤130 l/min 

Operation pressure 515–690 kPa 

Respectively, there is a certain amount of hydrogen nH2,min 

at which pressure becomes less than the fuel cell working 

pressure. So, the available amount of hydrogen is equal to: 

H2,av H2,rated H2,minn n n  (mol), (2) 

where nH2,rated – the amount of hydrogen stored in the tank. 

IV. OPERATION PRINCIPLE AND ANALYSIS OF THE HYDROGEN 

ENERGY STORAGE SYSTEM IN THE DC MICROGRID

A. Operation Principle of the Hydrogen Energy Storage

in the DC Microgrid

The operation principle of the hydrogen ESS was described 

in [30]. The output voltage of the wind generator DC-DC 

converter is stabilized to a constant voltage Vd,r, which is the 

rated voltage of the DC bus (Fig. 5).  
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Fig. 4. Block diagram of the hydrogen energy storage system. 
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In the case of overload or wind speed decreasing, the output 
voltage of the DC-DC converter starts to decrease too. The 
fuel cell output is stabilized to a lower voltage level (Vd,r –
 ΔV). Both power sources are connected to DC bus through 
diodes [30], because of the diode included in fuel cell module; 
therefore, the bigger voltage (wind) provides the power in the 
intervals 1 and 2 (Fig. 5) and both power sources are 
providing power in the interval 3. These intervals are 
continuously changing in accordance with the speed of the 
wind [30]. 

The load current in the interval 3 is equal to: 

load dcdc f.c.I I I  (A), (3) 

where Iload – load current, A; 
  Idcdc – DC-DC converter current, A; 
  If.c. – fuel cell current, A. 

B. Analysis of the Hydrogen Energy Storage
Operation

The rated amount of hydrogen in the tank is: 

H2 t
H2,rated

p V
n

R T





(mol), (4) 

where pH2 – hydrogen pressure in the tank, Pa; 
  Vt – tank volume, m3; 
  R = 8.31 J/(mol·K) – gas constant; 
  T – absolute temperature, K. 

The dependency of the hydrogen amount in the tank on the 
tank volume and gas pressure is presented in Fig. 6. For the 
tank used in the experiments, the rated amount of hydrogen at 
the initial pressure 20 MPa is equal to 403 mol. According to 
Table I, the consumption of the hydrogen by the fuel cell is 
equal to: 

H2,rated
H2 f.c.

f.c.,rated

'
'

V
V P

P
  [l/min], (5) 

where V’H2 – hydrogen consumption by the fuel cell at 
atmospheric pressure, l/min; 
V’H2, rated – hydrogen consumption by the fuel cell at the 
rated power and atmospheric pressure, l/min; 

  Pf.c., rated – rated power of the fuel cell, W; 
  Pf.c.– used power of the fuel cell, W. 

For the mentioned fuel cell, hydrogen consumption is: 

H2 f.c. f.c.

130
' 0.0153

8500
V P P    (l/min). (6) 

The consumption of hydrogen in mol/s is: 

atm H2
H2

'
'

60 1000

p V
n

R T




  
(mol/s), (7) 

where patm – atmospheric pressure, Pa. 

For the mentioned fuel cell, the consumption of hydrogen is 
1.03·10−5 · Pf.c. mol/s. The possible usage time of the stored 
hydrogen amount is: 

H2,av H2,rated H2,min

H2 H2' '

n n n
t

n n


  (s), (8) 

where nH2, min should be calculated according to the fuel cell 
operation pressure and tank volume: 

H2,min t
H2,min

p V
n

R T





(mol), (9) 

where pH2, min – minimum fuel cell operation pressure, Pa. 

 For the mentioned fuel cell and tank at pH2,min = 515 kPa 
and Vt = 0.05 m3, the unused amount of hydrogen nH2,min is 
11 mols, i.e., 2.73 % of the rated amount. The electrolyser was 
not applied in this work. The possible usage time of the stored 
hydrogen depends on the available amount of hydrogen and 
the consumption of the hydrogen by the fuel cell, which is the 
function from the used fuel cell power, as it is presented in 
Fig. 7. 

V. EXPERIMENTAL RESULTS

 In the experiment, the wind generator was replaced with a 
DC power source (Fig. 8). The fuel cell was connected to the 
DC bus only through the diode without the step-up converter; 
therefore, the 40 V rated DC bus voltage was accepted. The 
experimental results (Fig. 9) confirm the theoretical method 
(Fig. 5) described in [30]. 

When the output voltage of the DC-DC converter is less 
than the voltage of the fuel cell, the DC bus voltage Vd 
(Fig. 9.b) is equal to fuel cell voltage and the load current Iload 
is equal to fuel cell current If.c.. The increase in the DC-DC 
converter output voltage was made by increasing the duty ratio 
of the power switch Q2 (Fig. 3). The duty ratio of the switch 
Q1 is 100 %, because of the 30 V DC input voltage and step-
up operation mode chosen for the experiment. Increasing the 
DC-DC converter output voltage, the current Idcdc and DC bus
voltage Vd increases till Vd reaches the rated value. 

Fig. 5. The voltage/load characteristics of the alternative energetics microgrid: 
Vd – DC bus voltage; Vd,r – DC bus rated voltage. 
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The form of the current is very important for the fuel cell. 
When the load is powered only by the fuel cell, the form of 
current is smooth (Fig. 10). In the case when the load is 
powered partially by DC-DC converter and partially by the 
fuel cell, a filter is required. The diagrams of the current 
without a filter are presented in Figs 11–12. 

Fig. 6. Amount of hydrogen in a tank depending on the volume of the tank 
and the pressure of hydrogen. 

Fig. 7. Possible usage time in hours of the stored hydrogen depending on the 
used power of the fuel cell and the available hydrogen amount. 

=

=Vdc

Vf.c.

Idcdc

If.c.

Iload
Rload Cf

Fig. 8. The simplified principal scheme of the experiment. 

The experiments demonstrated that the pulsations of the 
current are caused by the DC-DC converter that operates in 
PWM mode. The pulsations increase in this case by 
decreasing the current of the fuel cell. The usage of the 450 μF 
capacitor can improve the form of the current at the 39 Ω load 
(Figs 13–14). The capacity of the filter was selected 
experimentally, and its calculation is the aim of our future 
work. 

VI. CONCLUSION

According to the strategic objectives of the use of 
renewable energy resources, the alternative energetics 
microgrid based on the wind energy was used in this research 
with the aim to develop the solutions for effective use of the 
renewable energy resources (wind generators in particular) in 
alternative energetics devices, at the same time providing an 
uninterrupted power supply of the critical loads. 

After the analysis of the possible configurations of the 
microgrid, the DC coupling was chosen, because there are 
advantages corresponding to renewable energy sources and 
energy storage systems. The autonomous operation mode of 
the microgrid was chosen, which means that the conventional 
power grid is not applied, and in the case of low wind power, 
the energy storage system is necessary for providing an 
uninterrupted power supply. The experimental results 
demonstrate that the hydrogen energy storage system provides 
an uninterrupted power supply in the alternative energetics 
microgrid based on wind energy. In the case when the wind 
generator speed is low, the necessary power is provided by the 
fuel cell. 

Fig. 9. Currents (a) and DC bus voltage (b) depending on the DC-DC 
converter duty ratio D2 in the boost mode at the 30 V DC converter’s input 
voltage. 
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If the wind speed and, the wind generator output power is 
sufficient, the fuel cell must be in the “run” mode all the time, 
because the transition from stand-by mode to run (power 
ready) mode can require up to 5 seconds [31], [32]. 

Fig. 10. Current of the fuel cell in the case when load is powered only by the 
fuel cell. 

Fig. 11. Current of the fuel cell with rms 0.66 A in the case when load is 
partially powered by the fuel cell without a load filter. 

Fig. 12. Current of the fuel cell with rms 0.32 A in the case when load is 
partially powered by the fuel cell without a load filter. 

Theoretical analysis of the microgrid operation with the 
hydrogen energy storage system includes the calculation of the 
hydrogen consumption and the possible usage time of the 
stored hydrogen in the case when the tank is applied instead of 
the electrolyser. The possible usage time of the stored 
hydrogen depends on the available amount of hydrogen and 
the consumption of hydrogen by the fuel cell, which is the 
function from the used fuel cell power. 

The hydrogen consumption was calculated for the full-scale 
system, but the precision of the hydrogen pressure 
measurement device was not enough for a small-scale 
experiment at small duration and power; therefore, there is no 
experimental data about hydrogen consumption.  

The experimental results demonstrated that if the wind 
generator can provide only a part of the needed power, the 
abiding power can be provided by the fuel cell. In this case, a 
load filter is necessary to decrease the fuel cell current 
pulsations. When the output voltage of the DC-DC converter 
is less than the fuel cell voltage, the DC bus voltage is equal to 
the fuel cell voltage and the load current is equal to the fuel 
cell current. 

Fig. 13. Current of the fuel cell with rms 0.65 A in the case when load is 
partially powered by the fuel cell with a load filter. 

Fig. 14. Current of the fuel cell with rms 0.32 A in the case when load is 
partially powered by the fuel cell with a load filter. 
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Increasing the DC-DC converter output voltage, the 
converter’s current and DC bus voltage increases till DC bus 
voltage reaches the rated value. When the load is powered 
only by the fuel cell, the form of the current is smooth. In the 
case when the load is powered partially by DC-DC converter 
and partially by the fuel cell, a filter is required to prevent 
undesirable pulsations. 
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