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Abstract: The article is devoted to the problem of proton-exchange membrane fuel cells (PEMFCs)
integration into power supply systems. A hybrid energy complex (HEC) based on PEMFCs and
lithium iron phosphate batteries can be used as a reliable energy source. It is necessary to properly
determine the PEMFC characteristics in order to develop a PEMFC-based HEC prototype and its
control algorithms. This paper presents a 1 kW PEMFC'’s test results in steady and dynamic modes.
The dependences of the average hydrogen consumption per 1 min, the volume of hydrogen for the
generation of 1 kWh, the PEMFC efficiency on the load current were obtained and an analysis of
these dependences for steady operation modes was performed. A range of load changes beyond
which the efficiency of the PEMFC significantly decreased and it was recommended to switch to
the joint operation of the PEMFCs and batteries (or only batteries) was established. Diagrams of
the PEMFC output voltage during the dynamic changes in loads are presented and an analysis
of transient response characteristics was carried out. The air supply fans were found to affect the
performance of PEMFCs.
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1. Introduction

A key direction in the development of the global electric power industry is associated
with the expansion of the use of environmentally friendly low-carbon energy sources. In
this regard, more and more attention is paid to fuel cells. Compared to other types of
low-carbon sources (wind turbines, photovoltaic modules, etc.), the main advantages of
fuel cells are: high efficiency (from 40 to 60%), no noise and vibration during operation and
a modular design. This determines the prospects for their wide application in consumer’s
power supply systems and transport [1,2].

Currently, the most common types of fuel cells are proton-exchange membrane fuel
cells (PEMFCs), alkaline electrolyte fuel cells (AFC), phosphoric acid fuel cells (PAFC),
molten carbonate fuel cells (MCFC) and solid oxide fuel cells (SOFC) [3]. The choice of fuel
cell type depends on the features of its operation, parameters and consumer requirements.
PEMECs are considered the most suitable for power supply of stationary consumers with
an installed capacity of up to 50 kW. PEMFC can operate with a high efficiency at low
temperatures and are compact in size.

However, the problem of integrating PEMFCs into power supply systems is associated
with insufficient maneuverability of the fuel cell. The operation of fuel cells during sudden
increases in load is characterized by the fuel starvation problem [4]. The solution is the
integrated use of PEMFCs with storage systems based on batteries in a single hybrid energy
complex (HEC).

A PEMEC is the main source of energy and ensures the high efficiency of the HEC. The
excess power generated by the PEMFC is used to charge the batteries. Batteries provide a
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faster response to dynamic load changes compared to PEMFCs [5,6]. Batteries also cover
part of the peak load. This allows the use of a fuel cell whose installed power is less than
the peak load of the consumer. In addition, the joint use of PEMFCs and batteries allows an
increase in the complex autonomy.

Many studies have been devoted to the joint work of PEMFCs and batteries for
increasing HEC efficiency. The main areas of research are:

e  The improvement of HEC structure;
e  The determination of the optimal parameters of the HEC;
e  The development of the HEC’s control algorithms.

A description of the various structures of an HEC based on fuel cells and batteries
is given in [7]. Improving the HEC structure includes modernizing the architecture and
increasing the efficiency of input converters [8] and output inverter [9] as part of the HEC.
This leads to an increase in power quality, a decrease in power losses and a decrease in the
number of components in power converters.

The reliability of the load power supply depends on the correct determination of the
HEC parameters. T. Jarry et al. (2021) presented an algorithm for determining the optimal
sizing of the hybridized system with a high-temperature PEMFC and battery according
to a load profile [7]. J. Rurgladdapan et al. (2013) studied the influence of the number of
batteries on the efficiency of the HEC with a fuel cell [10].

The right choice of control strategy allows one to reduce hydrogen consumption
while maintaining the battery’s state of charge (SOC). Q. Ouyang et al. (2014) developed
control algorithms for a hybrid system based on PEMFCs and batteries under dynamic load
changes [11]. W.-H. Fang et al. (2014) determined the parameters of the power management
system for a stationary hybrid power plant based on simulations in Matlab [12]. M. Cha et al.
(2021) presented a power management optimization method for a hybrid electric ferry,
where a fuel cell and batteries were used [13].

These studies show that the correct choice of batteries parameters and the adjustment
of the HEC control system depends on the accuracy of determining the characteristics of the
PEMEFC operation in steady and dynamic modes. It is necessary to know how the PEMFC
characteristics depend on internal and external factors in various operating modes. The
main regularities of PEMFCs’ operation have been determined and cannot be disputed. At
the same time, the main research method is modeling.

The simulation of fuel cells’ operation with a change in hydrogen and oxygen supply
is presented in [14,15]. M.S. Pandian et al. (2010) performed an analysis of the dependence
between a PEMFC’s output power and its efficiency using modeling [16]. K.M. Adeg-
non et al. (2009) studied the efficiency of PEMFCs based on a simulation in LabView [17].
Most simulation models perform well with slow load changes. However, the qualitative
dependence of the PEMFC characteristics on the input parameters obtained by simulation
may differ. Thus, M. Sharma et al. (2015) showed that the fuel cell voltage decreased with
increasing oxygen pressure and temperature [14]. However, S. Chaudhary et al. (2014)
received the opposite nature of these dependencies [18].

R.L. Edwards et al. (2016) presented a simulation model that reflected transient
processes during the fuel cell operation with sudden changes in load, as well as a review of
research in this area [19].

However, the characteristics of a particular PEMFC (for example, internal resistance)
depend on the fuel cell design, manufacturing technology, materials used and material
properties changed during operation. Moreover, the ability of a particular PEMFC to
respond to dynamic load changes also depends on the degree of the fuel cell degradation
and the power consumption of the air supply device (fans or compressor), which is difficult
to take into account in simulation.

A. Kulikov et al. (2021) presented a block diagram of a 3 kW HEC based on PEMFCs
and batteries for stationary consumers of the railway industry [20]. It used a commercially
available 1 kW PEMFC (China) and 3.5 Ah LiFePO; batteries. The output parameters of the
PEMEFC and battery were coordinated with each other and with electricity consumers using
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a monitoring, protection and control device. The results of the power units’” simulation in
Simulink were presented. A DC voltage source block with constant internal resistance was
used in the model to simulate PEMFCs.

This paper is a continuation of studies presented in [20]. In order to proceed to the
stage of development of an HEC prototype, it is mandatory to supplement the results of
the simulation, confirming the correctness of the main decisions made, with the results of
PEMEFC tests and experimental studies that allow one to adjust the parameters of the HEC
power unit and more accurately configure the control system. The actual PEMFC operating
characteristics, such as hydrogen consumption and efficiency dependencies on hydrogen
pressure and load power should be determined for steady operation modes. In addition, it
is required to know the ability of PEMFCs to respond to dynamic changes in load. This will
accurately determine the parameters of the HEC power unit and more accurately configure
the control system.

This article makes a scientific contribution to solving the problem of integration of a
PEMEC into power supply systems through a comprehensive analysis of the characteristics
of its operation obtained on the basis of experimental studies. On the practical side, these
results are intended to adjust the control system of the HEC prototype, which ensures the
efficient operation of the HEC in steady-state conditions and a reliable power supply to the
load during its dynamic changes.

2. Experimental Methods
2.1. PEMFC Voltage Losses
The voltage Uppmrc is generated at the terminals of the PEMFC electrodes as a result

of the ongoing chemical reactions. The dependence of Upgprc on the load current (Ipgyirc)
reflects the volt-ampere characteristic (V-1 curve) of the fuel cell (Figure 1).
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Figure 1. Nominal V-I curve of PEMFC used in HEC.

Three areas of loss in the fuel cell can be distinguished on the V-I curve [4,16,21,22]:
activation losses, ohmic losses and concentration losses.

The value of Uppmrc is less than the theoretically possible voltage by the amount of
voltage loss in the fuel cell:

UPEMFC = Etheor — Alaet — Auohm — Alcone, (1)
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where Eyeor is the theoretical EMF value of the fuel cell (voltage at the terminals of the
fuel cell with an open circuit); AU, is the fuel cell activation losses associated with slow
reactions on the electrode surfaces; AUy is the fuel cell ohmic losses associated with
voltage drop due to resistive losses in the PEMFC; and AlUconc is the concentration losses of
the fuel cell associated with a decrease in the density of reagents at high currents.

Voltage losses directly affect the efficiency of the PEMFC and HEC as a whole. The
higher the value of Upgmpc at the corresponding load current, the lower the voltage loss in
the fuel cell and the more efficient the PEMFC operation.

The PEMFC in an HEC is expected to operate in the ohmic loss area most of the time.
Ohmic losses are proportional to the resistance of the PEMFC, which includes the resistance
to proton current in the membrane and the resistance of the electrodes to the movement of
electrons [18]:

AlUghm = Ipemrc X Rpemrc = Ipemrc X (Rm + Rep), )

where Rpgppc is the PEMFEC resistance; Ry, is the fuel cell membrane resistance to ion
movement; and R is the resistance of the fuel cell electrodes to the movement of electrons
(Re1 = const).

The HEC power unit’s parameters depend on the Rpgympc value [20].

2.2. PEMFC Characteristics in Steady Mode

The following main characteristics are used to assess the PEMFC operation perfor-
mance in the steady state operation:

e  npemrc is the PEMFC's electricity generation efficiency (%);
e  Wpgmrc is the amount of PEMFC-generated electricity (kWh);
e  Visthe amount of hydrogen used by the PEMFC (L).

The electricity generation efficiency is one of the main characteristics that determine
the efficiency of PEMFC operation in steady state. npgmrc is the ratio of the electricity
generated by the fuel cell to the energy that was stored in the hydrogen consumed by this
fuel cell:

npemeC = Wpemrc/Q, 3)

where Q is the energy stored in the hydrogen supplied to the fuel cell (k]).
The Wppmrc value can be expressed in kJ (1 kWh = 3.6 kJ):

Wpemec = (Upemrec X Ipemrc X At X 3.6)/60; 4)

Ppemrc = Upemrc X IPEMFC, 5)

where Pppvrc is the fuel cell output power (kW) and At is the time interval at which the
electricity generation was determined (min).

The enthalpy of combustion of hydrogen is 286 k] /mol. The Q value can be determined
from measurements of the flow rate of hydrogen, which is converted to the amount of
substance, measured in moles:

Q=n x 286, 6)

where 7 is the amount of substance (mol).
The n value can be determined taking into account the PEMFC’s operating parameters
(hydrogen pressure and temperature) using the ideal gas law:

n=(p x V)/(R x T), @)

where p is the hydrogen pressure at the PEMFC’s inlet (atm); R is the gas constant
(R =0.0821 L-atm/K-mol); and T is the temperature (K).

At the first stage, with the help of experimental studies, the dependence of the nppmrc
and V on the load current (Ipepmrc) was obtained for various values of the hydrogen
pressure at the PEMFC’s inlet (p).
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At the second stage, the analysis of the obtained results was carried out and the
features of the adjustment of the HEC control system were determined, which ensured the
greatest efficiency in steady-state operation.

2.3. PEMFC Characteristics under Dynamic Load Changes

The operation of the PEMFC under dynamic load changes is explained by the typical
transient response of a fuel cell (Figure 2a) [19].
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Figure 2. Typical fuel cell (a) and batteries’ (b) transient response.

It can be seen that as the load is increased, the voltage drops to a certain value imme-
diately, but from there, it reaches a new value during the recovery time in an exponential
manner [23]. The undershoot behavior is caused by the oxygen starvation. The oxygen
concentration reaches the equilibrium condition much slower than hydrogen because of
the big difference in gas diffusivity when the load changes. The lower diffusivity of oxygen
on the cathode side is the main cause of the significant concentration reduction during load
transients [24]. When the current decreases, an overshoot occurs, with subsequent recovery
to an equilibrium value [19]. Unlike the case of a step increase in current, only minor
oscillations in the cell voltage are observed. The cell performance after a step decrease
becomes stable in a shorter period compared to the case of a step increase in current.

Thus, a dynamic change in load is accompanied by a transition process from one
stationary state to another. During this process, the PEMFC may suffer from partial
overheating or excess air pressure, which will shorten the service life and lead to membrane
degradation [25].

Batteries are used as part of the HEC to compensate for dangerous overshoot or
undershoot. A typical battery’s transient response to a step load current is shown in
Figure 2b [26].

The output voltages of batteries, compared to fuel cells in load fluctuation, have faster
responses [4]. The combined use of PEMFCs and batteries provide the smoother output
characteristics of the HEC. This also improves the performance and extend the service life
of the PEMFC [11].
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The block diagram and description of the joint use of PEMFCs and batteries were
given in [20]. The PEMFC operation under dynamic load changes was investigated to
determine the parameters of the HEC power converters, which ensured the joint operation
of the PEMFCs and batteries.

The following main characteristics were used to assess PEMFC operation performance
under dynamic load changes:

Umin is the minimum voltage value for a dynamic load increase (V);
Umax is the maximum voltage value for a dynamic load decrease (V);
AUy is the voltage undershoot, that is, the difference between Ui, and the voltage
value that is set after a dynamic load increase (V);
o Al is the voltage overshoot, that is, the difference between Umax and the voltage
value that is set after a dynamic load decrease (V);
o  Tre is the recovery time, that is, the time it takes for the voltage to increase to a steady
state value corresponding to the new load current after a dynamic load increase (s);
o Ty is the setting time, that is, the time it takes for the voltage to decrease to a steady
state value corresponding to the new load current after a dynamic load decrease (s).

At the first stage, the values of the characteristics Uin, Umax, AUun, AUoy, Trec and
Tset were obtained with the help of experimental studies:

e  For each initial value of the load current (Ij) from 0 to 20 A with a step of 2 A with an
increase in load from [;,, to 22 A in increments of 2 A;

e  For each end value of the load current (Ig,) from 20 to 0 A with a step of 2 A when the
load decreases from 22 A to I, in steps of 2 A.

As a result, a table with measured data was compiled (Figure 3).

Load increases to current, A Load decreases from current, A
[in 2 4 6 8 10 12 14 16 | 18 | 20 | 22 [tin 22 | 20 | 18 | 16 14 12 10 8 6 4 2
0 20 X X X X X X X X X X
2 X 18 X X X X X X X X X
4 X X 16 X X X X X X X X
6 X X X 14 X X X X X X X
8 X X X X 12 X X X X X X
10 X X X X X 10 X X X X X
12 X X X X X X 8 X X X X
14 X X X X X X X 6 X X X
16 X X X X X X X 4 X X
18 X X X X X X X X 2 X
20 X X X X X X X X X X 0
Figure 3. General view of table with measured data: ... —measurement; x—not defined.

At the second stage, the analysis of the obtained results was carried out and the
features of the adjustment of the HEC control system were determined, which ensured a
reliable power supply to the consumer during dynamic load changes.

2.4. Test Bench for the Study of PEMFC Operation

Experimental studies of the PEMFC operation were carried out at the NNSTU lab-
oratory using a test bench. The block diagram of the fuel cell test bench is shown in
Figure 4.

Hydrogen entered the PEMFC from a gas cylinder (pressure at the outlet of the gas
cylinder 150 atm.) through a pressure regulator, which reduced it to a value of 0.6-0.8 atm.
The supply of hydrogen was controlled by an inlet solenoid valve. An outlet valve was
needed to dump the remaining unused hydrogen. Current and voltage measurements were
taken at the PEMFC terminals and separately at the PEMFC air supply fans. The gas flow
was measured using a gas flow controller.

The appearance of the fuel cell test bench is shown in Figure 5.
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Figure 4. Block diagram of a fuel cell test bench: GB—gas balloon, FA—flashback arrestor; V—valve;
GR—gas regulator; GFC—gas flow controller; VS—valve solenoid; F—fan.

Figure 5. Appearance of the fuel cell test bench.

A commercially available 1000 W PEMFC (Ningbo Vet Energy Technology Co., Ltd.;
Ningbo, China) was used. Its main technical data are shown in Table 1.

Table 1. The main technical parameters of the PEMFC.

No. Parameter Value, Unit
1 Gas H; (99.99%)
2 PEMFC rated inlet pressure 0.6-0.8 atm
3 PEMFC installed capacity 1kW
4 PEMFC rated voltage 57V
5 PEMFC rated current 175 A
6 PEMFC air supply fans rated voltage 48V
7 PEMEC air supply fans quantity and rated power 4 x624W

The environmental parameters during the experiments were: temperature 24 °C,
humidity 50%.

3. Results and Discussion
3.1. Study of PEMFC Voltage Losses and Internal Resistance

The V-I characteristic of the fuel cell depends on the hydrogen pressure at the fuel
cell inlet. The PEMFC nominal pressure of hydrogen specified by the manufacturer is
0.6-0.8 atm. The PEMFC operation with other parameters is not recommended. Figure 6
shows the V-1 and power characteristics obtained at the boundary values of the nominal
hydrogen pressure.
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Figure 6. Comparison of the nominal and measured V-I (solid line) and power (dotted) characteristics
of PEMFC: green color—nominal at p = 0.6 atm; blue color—measured at p = 0.6 atm; red color—
measured at p = 0.8 atm.

The nominal V-I curve in Figure 6 is a manufacturer-declared characteristic of a
commercially available PEMFC that was selected for an HEC prototype. The results of the
measurements were compared with the nominal V-1 curve.

The V-I characteristic of the PEMFC was divided into three areas for further research
and analysis of the results:

e  Arealis the PEMFC operation at low currents (Ipgmpc from 0 to 3 A);
e  Area Il is the main range of PEMFC operation (Ipgyrc from 3 to 17 A);
e  Area Ill is the PEMFC operation at high currents (Ipgpmpc more than 17 A).

The operation of the PEMFC in the nominal range of hydrogen inlet pressure
(0.6-0.8 atm) is characterized by minor changes in the V-I curve. Upgmpc values at p = 0.8 atm
slightly exceed the Upgmrc values at p = 0.6 atm. This corresponds to the regularities
obtained in [14,15,18].

At the same time, the actual values of Upgpmrc in all loss areas are 5-10 V less than the
voltages values that correspond to the nominal V-I curve. Therefore, the actual values of
Upgmrc in the experimental studies were taken into account when refining the parameters
of the HEC power units.

An approximation of the results of the Upgympc measurements at p = 0.6 atm and
0.8 atm was performed and the equation of a line describing the V-I curve for area II (ohmic
losses) was obtained:

UPEMFC =68.011 — 1.211 x IPEMFC. (8)

From Equation (8), it follows that the value of the PEMFC internal resistance
Rppmrc = 1.211 Ohm. This value was used to determine the capacitance of the filter
compensators in the HEC.

3.2. Studies of PEMFC Characteristics in Steady Mode

The PEMFC hydrogen consumption was measured for 1 min at p = 0.6 atm and 0.8 atm.
The RRG-20 regulator (Eltochpribor, LTD; Moscow, Russia) was used for this. Its measuring
part is based on the principle of the thermal conversion of gas mass flow into an electrical
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Figure 7. Hydrogen consumption per 1 min at p = 0.6 atm: (a) Ipevmrc = 1 A; (b) Ippmrc = 15 A.

signal. The measurements were carried out when the load changed from 0 to 22 A in steps
of 1 A (Figure 7).

Figure 7 shows that the hydrogen consumption is almost constant with periodic peaks
that correspond to the opening of the PEMFC outlet valve to purge the anode. The outlet
valve is opened at regular intervals. The red line shows the average hydrogen consumption
for 1 min. The average hydrogen consumption is proportional to Ipgvrc. The larger the
Ippmrc, the higher the hydrogen consumption.

The dependence of the average hydrogen consumption per 1 min on the load current
atp = 0.6 atm and 0.8 atm is shown in Figure 8.
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Figure 8. Dependence of the average hydrogen consumption per minute on the load current at
p = 0.6 atm (blue line) and 0.8 atm (red line).
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From Figure 8, it follows that the dependence of the average hydrogen consumption
on the load current is almost linear. The average hydrogen consumption at p = 0.8 atm is
approximately 1 L/min higher than at p = 0.6 atm when the PEMFC operates in areas I
and IL

The nonload state is present when the load is disconnected (Ippvrc = 0 A). However,
there is hydrogen on the anode side, air is supplied on the cathode side (fans running)
and the PEMEFC is prepared to connect the load. Therefore, the hydrogen consumption is
present and minimal even in the nonload state.

The dependencies showing how much hydrogen and time are needed to produce
1 kWh of electricity, depending on the load current and hydrogen pressure at the PEMFC
inlet, are shown in Figure 9.

3250 i Areall M Areaill 1000
rea rea rea
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2750
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Figure 9. The volume of hydrogen (solid lines) and the time required to generate 1 kWh of electricity
(dotted lines) at p = 0.6 atm (blue line) and 0.8 atm (red line).

From Figure 9 it follows that, in general, it takes almost the same time to generate
1 kWh of electricity both at p = 0.6 atm and at 0.8 atm. However, when the PEMFC operates
with p = 0.8 atm in areas I and II, a larger volume of hydrogen is required to generate
1 kWh than at p = 0.6 atm. The amount of hydrogen required to generate 1 kWh increases
as the load current decreases. Thus, during the PEMFC operation in area I, the hydrogen
consumption for generating 1 kWh is more than two times higher than in area II. Therefore,
the PEMFC operation in the low load mode (Ipgpmrc up to 3 A) is not effective. In this case,
to increase the HEC efficiency, it seems appropriate to supply the load from the battery.

Based on the measurements of the hydrogen consumption for each point of the V-I
curve from 0 to 22 A with a step of 1 A, calculations were performed using Equations (3)—(7)
and the values of Wppmrc, Q and nppmrc were determined. The average temperature
T = 25 °C was accepted in the calculations (Figure 10).

The heating of the fuel cell was uneven (Figure 10): in the left part (inlet) the case
temperature during the tests reached 42 °C, while in the right part (outlet), the body did not
heat up above 30 °C. The maximum temperature during the tests was recorded at the fan
blades (due to the air temperature after the cells) at the maximum load (load current 22 A)
and amounted to 54 °C. This temperature dropped to 42 °C when the load was dropped.

The dependence of npgpmrc on the load current is shown in Figure 11.

Figure 11 shows that the efficiency is higher when the PEMFC is operated at the lower
end of the hydrogen inlet pressure rating range. This can be explained by the fact that, at
p = 0.8 atm, the losses of hydrogen increase, which are emitted through the PEMFC outlet
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valve. The highest efficiency (about 45%) correspond to the PEMFC operation in area II. In
area IlI, the efficiencies decrease and practically do not change with the increasing current.

Aiming point
Frame
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Min
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Figure 10. Thermal imaging of PEMFC during testing.
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Figure 11. Dependence of nppmpc on load current at p = 0.6 atm (blue line) and 0.8 atm (red line).

Based on the results of studies on PEMFCs’ steady state performance, the following

adjustments to the HEC control system are proposed:

1.

The voltage values on the V-I curve were closer to the nominal characteristic at
p = 0.8 atm (upper limit of the rating range of hydrogen inlet pressure). However, the
average hydrogen consumption and the volume of hydrogen required to produce
1 kWh of electricity were lower, and the PEMFC efficiency was correspondingly higher
at p = 0.6 atm (the lower limit of the inlet hydrogen pressure rating range). Therefore,
it is proposed to maintain a hydrogen inlet pressure of 0.6 atm when the PEMFC
operates in steady-state conditions.
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2. The highest efficiency of 45% was achieved when the PEMFC operated in area II.
In this case, the load (P oap) was fully powered by the PEMFC. The excess power
generated by PEMFC went to the battery charging (Ppar): Premrc = PLoap + Ppat-
The PEMEC efficiency dropped to 35% in area III. Therefore, it is proposed to use the
PEMEFC and battery together at load currents of more than 17 A. In this case, part of
the load receives power from the batteries. This will reduce the required power from
the PEMFC and move the PEMFC operation to area II: Pppmrpc = PLoap — Peart, Thus,
the PEMFC will be most efficient when operating as part of the HEC.

3. It was established that the efficiency was about 25%, and the amount of hydrogen
required to produce 1 kWh of electricity was almost two times higher when the
PEMFC operated in area I than in area II. Therefore, it is proposed to switch to
powering the load only from the battery (provided that the battery charge is sufficient)
to increase the HEC autonomy at low loads (up to 3 A).

Thus, region II (ohmic loss region) is the most effective for the PEMFC operation in
steady-state conditions.
The main provisions of the power distribution strategy between the PEMFC and

batteries were determined based on the research results (Table 2).

Table 2. Power distribution strategy between the fuel cell and the battery in HEC.

Load Mode Cases Load Power Control Strate
(I oap, A) (Battery SOC) Proab 8y
' PEMEC powers the load and charges the batteries.
SOCmin Peemrc = Ppar Ipgmpc maintained between 3 and 17 A.
<3 SOChin - - - SOCmax P The load is powered by batteries.
SOChax BAT The control system monitors the battery’s charge.
SOChnin P _p Efficient operating mode.
3 17 SOChin - - - SOCmax PEMEFC BAT Surplus generation goes to charge the battery.
e Battery’s charge is controlled to keep I between
SOCmax Ppemrc + Ppat Y & 3 and 17 A P IPEMFC
SOCin Ppemec — PBat Undesirable operating mode.
>17 SOChin - - - SOCmax P 4P The power is shared between PEMFC and battery in such
SOCmax PEMFC  ©BAT a way as to keep Ippmpc between 3 and 17 A

Note: I oap is a load current at a given time; Ipgprc is a PEMFC current; SOCpin and SOCpax are the minimum
allowable and maximum possible battery SOC level.

A more detailed study of the power distribution between the fuel cell and battery is
an important task for future work.

3.3. Studies of PEMFC Characteristics under Dynamic Load Changes

A series of experiments was carried out, in which the load current instantly increased
from an initial value (I;,) to a predetermined end value (Ig,) and, after reaching the steady
state, again instantly decreased to Ij;.

The obtained diagrams of Upgpmrc changes for various values of [, are shown in
Figure 12.

From Figure 12, it follows that the diagrams of Upgmpc changes, depending on the
features of their characteristics, can be divided into three groups:

e  Group 1—a change of Upgmpc with a dynamic change of load current at i, from 0 to
8 A. The Uppmrc curves are fully consistent with a typical fuel cell’s transient response
(Figure 3). It is possible to determine Umin, Umax, AUun and Alyy based on these
diagrams and plot their dependencies.

e  Group 2—a change of Upppmrc with a dynamic change of load current at I;, from 10 to
18 A. The Upgmrc curves differ from the typical fuel cell’s transient response. Upgprc
fluctuations are observed during the dynamic load changes, which are characterized
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84

by a high frequency at small amplitudes (several volts). It is not possible to accurately
determine the characteristics AUyun, AUoy, Trec and Teet.

e  Group 3—a change of Upgpmrc with a dynamic change of load current at I;, from 20 to
22 A. The Upgmrc curves are characterized by the fact that the fluctuations become
much smaller, and the pattern correlates with the typical fuel cell transient response.

The Upgmpc fluctuations in the diagrams from group 2 can be explained by the
operation of the fans, which provide air supply. Figure 13 shows a diagram of the change
in the power consumption of the fans depending on the load current.
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Figure 12. Diagrams of changes in PEMFC output voltage Upgypc with a change in the load current:
(a) load increase; (b) load decrease.
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Figure 13. Characteristics of air supply fans: current (blue line), voltage (red) and power (green) of
fans and voltage at the PEMFC output (purple line) during tests.

A DC/DC step-down converter provides a 48 V rated voltage to the air supply fans.
The DC/DC converter is powered directly from the PEMFC output. At [j, from 0 to 10 A,
the fans constantly consume the same power, equal to 20 W. The PEMFC output voltage
curves correspond to those of a typical fuel cell’s transient response (no voltage fluctuations)
over this interval. In the interval Ij;, from 10 to 18 A, the power consumed by the fans
increases from 20 to 160 W. At the same time, significant fluctuations in power consumption
(with an amplitude of up to 40 W) are observed over the entire interval. This can be
explained by the incorrect choice of settings in the voltage feedback circuit, which is used in
the PEMFC control system. This leads to fluctuations in the supply of air necessary for the
operation of the fuel cell, which, with dynamic changes in the load, leads to fluctuations in
Upgmrc. The power consumed by the fans stabilizes again (at approximately 130 W) when
Iin reaches 20 A. As a result, the Uppmrc fluctuations disappear at [, = 20 A. It should
also be taken into account that when the voltage at the PEMFC output drops below 48 V,
the fans stop receiving the required voltage of 48 V, which begins to gradually decrease,
reaching 40 V at the rated load of the PEMFC. It also influences the fluctuation of the power
consumption of the fans.

It is proposed to add an additional separate source in the HEC structure to power
the air supply fans in order to stabilize the operation of the PEMFC during dynamic load
changes. The power consumed by the fans will be set depending on the load current.

The values Umin, Umax, AUun and AU,y were determined for the Upgympc change
diagrams belonging to groups 1 and 3. Based on the diagrams from group 2, it was only
possible to determine the values Uiy and Umax-

Figure 14 shows the dependencies of the values Uiy on I, and Umax on Iin.

The lower the PEMFC output voltage dropped, the greater the end load current (I,)
was during a dynamic load increase. The voltage dropped lower at smaller values of I;, for
the same Ij;,. Upppmpc decreased to 35 V and PEMEC turned off when the load increased
from 0 to 22 A (Iin =0 A; I, = 22 A). The obtained results confirmed that dynamic load
increases to maximum values when PEMFC is operating in a mode close to idle were the
most dangerous.

In general, with a dynamic decrease in load, similar dependences of PEMFC charac-
teristics were observed as with an increase in load. The PEMFC output voltage increased
as the difference between I, and I;, increased. The highest output voltage values were
observed when the load decreased from 22 to 0 A.

Figure 15 shows the dependencies of the values AUy, on I, and Alyy on Iy.

The AUy values characterize the recovery of the PEMFC output voltage after a
transient. The greater the values of Al are, the lower the value of the initial load current
iy, for the same Igj,.
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Figure 14. Dependencies of PEMFC characteristics under dynamic load increase: (a) Upin on Ify,;

(b) Umax on [iy.

The results of our studies showed that the power supply of consumers could be
disrupted with sudden changes in load if only the PEMFC was used. Therefore, it is
necessary to use batteries together with the PEMFC to provide power to the load when
it changes abruptly. After the PEMFC catches up with the power demand, the battery,
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depending on the level of its charge, will continue to be partially discharged (at a large
SOC) or will be charged from the PEMFC (at a low SOC).
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Figure 15. Dependencies of PEMFC characteristics under dynamic load decrease: (a) AUun on Iy, ;
(b) AUyy on Ij,.

The results of the experimental studies of the PEMFC characteristics under dynamic
load changes can be used to determine the battery capacity. Moreover, the dependences
of Unin and Alyn, as well as Umax and Allyy can be used to determine the parameters
of the HEC’s input converter. The input voltage range of the converter must ensure the
operation of the PEMFC when its voltage changes from the lowest value U, to the highest
value Umax.
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4. Conclusions

PEMFCs are considered the most efficient type of fuel cells for power supply of
stationary consumers up to 50 kW. However, PEMFCs are characterized by an insuffi-
cient maneuverability under dynamically changing loads. This problem was solved by
combining PEMFCs with batteries in a single hybrid energy complex (HEC).

A prototype of an HEC based on PEMFCs and lithium-iron-phosphate batteries for
supplying stationary consumers of the railway industry is being developed at NNSTU.
Experimental studies of the PEMFC operation in steady and dynamic modes were carried
out to proceed to the stage of creating the HEC prototype.

The value of the PEMFC internal resistance (Rpgmpc = 1.211) was determined based
on the approximation of the measurement results for the area of ohmic losses. It will be
used to determine the capacitance of the filter compensators in the HEC.

It was established that the highest efficiency (about 45%) was achieved when the
PEMFC operated in the area of ohmic losses. The results of our experimental stud-
ies of the PEMFC performance under steady modes will be used to adjust the HEC
control system:

e  The PEMFC continuous operation in the area of activation losses was characterized
by an overestimated consumption of hydrogen for electricity generation and a low
efficiency (no more than 25%); therefore, it is proposed to switch the power supply of
consumers to batteries at low loads;

e  The PEMEFC operation in the area of concentration losses was characterized by an
efficiency of about 35%; therefore, it is proposed to use the PEMFC and AB jointly to
increase the efficiency of the PEMFC and HEC as a whole at high load currents.

Studies were carried out on the characteristics of the PEMFC under dynamic load
changes. The air supply fans affected the performance of the PEMFC. Significant fluctua-
tions in the PEMFC output voltage were observed with load dynamic changes when the
PEMEFC was operated in the load range from 10 to 18 A. An additional separate power
supply for air supply fans is proposed to be added to the HEC structure to stabilize the
PEMFC operation during dynamic load changes. The analysis of the dependences of the
characteristics Upnin, Umax, AUun and AU,y on the initial and end load currents will be
used to determine the parameters of the HEC input converter.

Future work will include:

e  The development of an HEC prototype taking into account the results of the study of
the PEMFC characteristics;
The development of HEC control system software;
Studies of the HEC and the joint operation of the PEMFC and battery in real opera-
tion conditions.
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