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Abstract: In some areas, the problem of wind and solar power curtailment is prominent.
Hydrogen energy has the advantage of high storage density and a long storage time. Multi-energy
hybrid systems including renewable energies, batteries and hydrogen are designed to solve this
problem. In order to reduce the power loss of the converter, an AC-DC hybrid bus is proposed.
A multi-energy experiment platform is established including a wind turbine, photovoltaic panels,
a battery, an electrolyzer, a hydrogen storage tank, a fuel cell and a load. The working characteristics
of each subsystem are tested and analyzed. The multi-energy operation strategy is based on state
monitoring and designed to enhance hydrogen utilization, energy efficiency and reliability of the
system. The hydrogen production is guaranteed preferentially and the load is reliably supplied.
The system states are monitored, such as the state of charge (SOC) and the hydrogen storage level.
The rated and ramp powers of the battery and fuel cell and the pressure limit of the hydrogen storage
tank are set as safety constraints. Eight different operation scenarios comprehensively evaluate
the system’s performance, and via physical experiments the proposed operation strategy of the
multi-energy system is verified as effective and stable.

Keywords: multi-energy complementation; operation strategy; state monitoring; AC-DC hybrid bus;
hydrogen energy subsystem; experiment platform

1. Introduction

In recent years, wind and solar power generation have rapidly developed. However, due to
the fluctuation of wind/solar energy and the insufficient capacity of transmission lines, the problem
of abandoning renewable energy is very serious. Thus, large amounts of clean energy and social
investment have been wasted, and this has remarkably affected the process of upgrading energy
structures [1–3].

The most effective way to solve the problem of renewable energy absorption is to efficiently
convert, store and reuse surplus electrical energy. Electrical energy can be converted into hydrogen for
storage by means of electrolyzing water. Hydrogen is supplied to fuel cell buses or chemical industries.
Due to the diverse applications of hydrogen energy subsystems, renewable energy penetration rates
can be increased and pollutant emissions can be reduced. In this way, the reliability and stability of
power supplies can be improved [4–7].
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An energy network including wind power and hydrogen subsystems has been established by
the E.ON company in Germany wherein hydrogen is produced at 360 Nm3/h, and the rated power
of wind turbines is 2MW and hydrogen is added into the natural gas pipeline at a volume ratio of
2%. Thus, the conversion and storage of wind energy is realized. In Norway, a micro-grid was built
that included wind turbines, electrolyzers and a fuel cell. In windy weather, wind turbines directly
provided electricity for families, with surplus electricity used to produce hydrogen. Then, the hydrogen
was compressed and stored in the tank. In the absence of wind, the fuel cell is engaged to produce the
necessary electricity. The electricity demand of residents is therefore guaranteed. Hydrogen energy is
also widely used in hybrid tramways, peak loads and the frequency regulation of power grids [8–12].
In [13], a transportation system was researched that included a fuel cell as its main energy source.
A reduced-order model of the system was proposed by a differential flatness algorithm.

Research on multi-energy complementary systems is still in its early stages. The key technical
issues have focused on coupling mechanisms, optimal control and energy management of the
hybrid system integrating wind turbines, photovoltaic panels, batteries, electrolyzers and fuel
cells [14–17]. However, the energy utilization efficiency and economy of the system needs to be
further improved [18–21].

In [22–26], optimization schemes based on fuzzy inference and online learning are proposed,
and simulations of the energy system carried out. As a result the power quality of the grid-connected
system was improved. In [27–30], due to the intermittence and uncertainty of the renewable energy,
different architectures of direct current (DC) transmission lines and hydrogen storage subsystems are
proposed to reduce the adverse impact of power fluctuations on the power grid and improve renewable
energy utilization. In [31–34], hybrid systems including renewable energy and hydrogen energy
are modeled, simulated and analyzed. The dispatching schemes based on model prediction control
improved the system efficiency. In [35–37], hydrogen energy subsystems are designed to effectively
supplement and regulate renewable energy, considering the obvious seasonal characteristics of local
wind and solar resources. In [38–40], solar power and hydrogen production systems are studied.
Due to the intermittence of solar energy, batteries are introduced along with controllers designed to
supervise the whole system. In [41–44], an economic analysis of a comprehensive system is carried
out, and optimal scheduling schemes of the system are put forward. In [45–47], the application of
a hydrogen energy subsystem is researched in order to suppress power fluctuations. The system’s
operational costs and efficiencies are optimized through coordination control. The feasibility of the
system is also studied. In [48–51], wind and photovoltaic power as main power sources are discussed,
with an application scenario of residential power supply. Models based on integer linear programming
are proposed, and the capacity allocation method is analyzed. In [52–55], a model of a multi-energy
system is constructed, with operation characteristics analyzed in their off-grid applications. In [56,57],
a hybrid system is proposed based on renewable energy and a fuel cell. Photovoltaic panels and wind
turbines are modeled as the power flow, with load-following control regulating the system. The fuel
economy was ultimately improved by switching strategies in the whole load range.

The structure of a multi-energy system is complex. The relevant literature has proposed single
AC bus architecture that requires were many additional converters, and the corresponding energy
loss reduces system efficiency. These references studied both off-grid and grid-connected systems
integrating multiple energy sources such as wind turbines, photovoltaic panels, batteries, electrolyzers
and fuel cells. However, these studies have mainly been based on power systems, with hydrogen
energy subsystems utilized only as a supplement to participate in peak load shifting—the efficient
production of hydrogen has never been the primary objective of the system. As hydrogen energy has
been underutilized, its advantages have not typically been well exploited, including its high calorific
value and clean energy. The random fluctuations of renewable energy and loads have made system
operations more complicated, and this has also been affected by the state of charge and hydrogen
storage levels. In these references, the operation scenarios of the systems are relatively simple, and the
uncertainty of the entire system is not given enough consideration. Whether previous studies have
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used characteristic tests of each unit in the system (e.g., the fuel cell) or tested the operation strategies
of the overall system based on software simulations, there has been very little research into building a
physical platform for experimentation.

The contributions of the multi-energy integrated system and operation strategy proposed in this
paper are summarized as follows.

(1) This paper presents a hybrid AC/DC bus structure utilizing a photovoltaic panel, battery and fuel
cell that all generate DC power, with a DC load in the system. The distributed generation and load
can be directly connected to the DC bus. Thus, the converters are reduced and the efficiency of
the multi-energy integrated system is improved. Although an AC/DC hybrid structure has been
mentioned in some studies, previous devices have still worked using AC power, and remained
connected to an AC bus. Therefore, they have only been connected to a DC bus by a converter.

(2) The objective of the system’s operation is to ensure sufficient hydrogen output and a reliable
power supply. The main role of the hydrogen energy subsystem is not to provide supplementary
energy for the regulating power system. Hydrogen is directly transported to the hydrogen station
through the pipeline to the fuel cell bus. In addition, hydrogen is added to the natural gas pipeline
at a certain ratio as a mixed fuel.

(3) Due to the uncertainty of renewable energy and the fluctuations of loads, a control method based
on an expert strategy is proposed and verified using multiple scenarios. The working states are
monitored for the operation strategy, such as the state of charge and the hydrogen storage level.
The eight operation scenarios fully reflect the randomness of the entire system.

(4) The physical equipment platform of a multi-energy system is built that contains a wind turbine,
photovoltaic panel, PEM electrolyzer, PEM fuel cell, hydrogen storage tank, battery, load
and central controller. The working characteristic of each unit is tested, such as the fuel cell.
The effectiveness of the operation strategy is verified by means of a physical platform rather than
the software simulation.

2. Architecture of Multi-Energy Integrated System

The topology of the multi-energy integrated system is shown in Figure 1, including the wind
turbine, photovoltaic panel, hydrogen energy subsystem, battery and load. The black line in Figure 1
represents the power flow. The red line indicates the information flow, and the blue line shows the
hydrogen flow. The red boxes represent the central and local controllers.

Figure 1. Topology of multi-energy integrated system.
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The photovoltaic panel operated in maximum power point tracking (MPPT) or restricted power
mode. The adaptive fuzzy control algorithm is designed to utilize the maximum solar energy.
The photovoltaic system is required to operate in the restricted power mode at the power reference
value, which is set by the scheduling instruction of the central controller. The photovoltaic panel is
connected to a DC bus via a DC/DC converter.

A three-blade wind turbine was used in this experiment. The permanent magnet synchronous
generator (PMSG) operates in MPPT (maximum power point tracking) or restricted power mode.
The improved climbing search method was designed for utilizing the maximum wind energy. The wind
turbine is required to operate in the restricted power mode at the power reference value, which is set
by the scheduling instruction of the central controller. The wind turbine is connected to the DC bus via
AC/DC and DC/DC devices.

The battery is connected to the DC bus via a bi-directional DC/DC converter. When the energy of
the whole system is surplus, the battery is used to store the excess net energy. Otherwise, the battery is
utilized to supply the deficient energy to the load. The state of charge (SOC) of the battery is transmitted
to the central controller. The output power of the battery follows the power reference value.

The DC load is connected to the DC bus by via a DC/DC converter. The DC bus of the system is
connected to the AC bus via a bidirectional DC/AC device.

The AC bus is connected to the grid by a point of common coupling (PCC). The AC load is
connected to the AC bus. When the energy of the integrated system is deficient, an external power
grid is able to provide necessary support.

The electrolyzer unit is connected to the AC bus and operates at the rated power. The high
purity hydrogen is produced and stored in the metal hydride storage tank as the solid state, which
significantly improves the safety and stability of the hydrogen energy subsystem. The storage level of
the hydrogen tank is transmitted to the central controller. This hydrogen can be directly used in fuel
cell vehicles and chemical industry applications, while the remaining hydrogen is supplied to the fuel
cell in the integrated system in order to satisfy electricity demand. The fuel cell is connected to the DC
bus via a DC/DC converter. The output power of the fuel cell is adjusted by the central controller.

These converters are regulated throughout the entire system by their respective local controllers.
The pulse width modulation (PWM) signals with controllable duty cycles are generated according
to the scheduling instructions. The central controller monitors the operation state of the equipment.
The power reference values of these modules in the multi-energy integrated system are determined by
means of the operation strategy.

The capacity configurations of multi-energy integrated platforms according to load demand and
system economy are shown in the Table 1. The manufacturers of these units are also listed in the
Table 1.

Table 1. Capacity configurations of multi-energy complementary systems.

Unit Manufacturer Parameters

Photovoltaic panel Axitec AC-250P×4 1 KW

Wind turbine Primus Wind Power Air 30 0.4 KW
Wind turbine Wind speed (cut in) 3 m/s
Wind turbine Wind speed (cut off) 12.5 m/s
Wind turbine Wind speed (max) 49 m/s

Hydrogen storage tan Ovonic Model 85G250B-NPT×3 10 bar,500 sl per tank

PEMFC Heliocentris Nexa 1200 1.2 KW
PEMFC Max current 60 A
PEMFC Output voltage 20–36 VDC

PEM electrolyzer Schmidlin NM-H2 PLUS 0.4 KW

Lead acid battery Banner Stand-by Bull SBV 12-55×4 55 AH
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The integrated system equipment is shown in Figure 2. The left cabinet is the hydrogen energy
subsystem, which includes an electrolyzer, a hydrogen storage tank, a fuel cell, and a safety device for
monitoring hydrogen leakage. The right cabinet is the power subsystem. It includes a battery, a load,
converters, and a controller. The middle part is the switch cabinet. It includes a relay, a transducer,
and a data acquisition and network communication module.

Figure 2. Integrated system equipment.

The structure of the multi-energy integrated system is shown in Figure 3. The black line represents
the power flow. The red line indicates the information flow, and the blue line shows the hydrogen
flow. A two-level control scheme is designed in the integrated energy system. According to the system
state and operation strategy, the central controller sends the decision command to the local controllers.
Modbus TCP/IP protocol is used for communication.
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Figure 3. Multi-energy system structure.

3. Unit Characteristics of the Multi-Energy System

3.1. Wind Turbine

A permanent magnet synchronous generator (PMSG) is used in the experiment. The wind turbine
is directly coupled with the synchronous generator, replacing a heavy speed-increasing gear box.
The controllable converter is applied in the generator unit. PMSGs have many advantages, such as high
efficiency and reliability, minimal maintenance, and a low operation cost [58]. The power captured by
the wind turbine can be expressed as the following formula:

P =
1
2

CP(λ , β) A ρ v3 (1)

where P is the output power, ρis the air density (1.225 kg/m3), A is the area swept by the wind turbine,
v is the wind speed, and Cp is the wind energy utilization coefficient, which is related to the pitch
angle (β) and tip speed ratio (λ).

The pitch angle control is adopted to achieve the most efficient operation. The maximum
power point tracking (MPPT) algorithm is based on power feedback and a climbing search [59].
The characteristic curve of wind speed output power is shown in Figure 4, which depicts the
physical experiment.

Figure 4. Wind speed-output power curve.
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3.2. Photovoltaic Panel

The equivalent circuit of the photovoltaic cell is shown in Figure 5 [60]. The I-V characteristic
varies with solar radiation intensity and temperature. The corresponding equation is expressed as
follows:

I = Iph − Isat

{
exp

[
q(V + I ·Rs)

A ·K · T

]
− 1

}
−

V + I ·Rs

Rsh
(2)

where Iph is the photocurrent, Isat is the diode reverse saturation current, Rs is the series equivalent
resistance, Rsh is the parallel equivalent resistance, A is the diode factor, K is the Boltzmann constant
(1.38 × 10−23 J/K), q is the electron charge (1.6 × 10−19 C), T is the absolute temperature of the
photovoltaic cell, V is the output voltage, and I is the output current.

Figure 5. Equivalent circuit of the photovoltaic cell.

Commonly used parameters in engineering include open circuit voltage Voc, short circuit current
isc, maximum power point voltage Vm, and maximum power point current Im. These parameters are
obtained under standard testing conditions (i.e., Sref = 1000 W/m2, Tref = 25 ◦C) [61]. The following
are assumed: (1) The effect of the parallel equivalent resistance Rsh is ignored; (2) because the series
equivalent resistance is less than the forward resistance of the diode, the approximate expression is
described as Iph ≈ Isc.

Thus, the I-V characteristic equation is simplified as follows:

I = Isc

{
1−C1

[(
exp

V
C2Voc

)
− 1

]}
C1 =

(
1−

Im

Isc

)
exp

(
−

Vm

C2Voc

)
C2 =

(Vm

Voc
− 1

) 1
ln(1− Im/Isc)

(3)

where C1 and C2 are determined by the commonly used engineering parameters.
When the solar radiation intensity and cell temperature do not meet the standard conditions,

the I-V characteristics are modified according to the following formulas:

∆T = T− Tref ∆I = α(S/Sref)∆T + (S/Sref − 1)Isc ∆V = −β∆T−Rs∆I (4)

where α and β are the current-temperature coefficient and voltage-temperature coefficient,
respectively [62].

The I-V and P-V characteristic curves of the photovoltaic cell are shown in the Figure 6, and were
obtained by the physical experiment. As the temperature rises, the open circuit voltage decreases and
the short circuit current increases. Correspondingly, the maximum power point voltage and current all
decrease. The MPPT strategy is based on the conductance increment and fuzzy logic [60].
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Figure 6. I-V and P-V characteristic curves of the photovoltaic panel.

3.3. PEM Electrolyzer

The strong electrolyte is not needed in the proton exchange membrane (PEM) electrolyzer.
Because of the combined action of the electric field and the porous platinum catalyst, hydrated ions
(H3O+) can directly reach the cathode through the proton exchange membrane [63]. Thus, hydrogen is
generated at the cathode. The reaction equations are as follows:

anode : 2H2O→ 4H+ + O2 + 4e cathode : 4H+ + 4e→ 2H2

The electrical characteristic of the electrolyzer is as follows:

U = Urev +
α

A
Iel + β log

(
γ

A
Iel + 1

)
(5)

where U is the working voltage, Iel is the working current, A is the electrode area, Urev is the reversible
voltage (1.23 V), and α, β, γ are all experimental parameters.

The expression for the hydrogen production rate is as follows:

mH2= η
Iel

2F
(6)

where F is the Faraday constant (96485C/mol), and η is the efficiency of the electrolyzer. The working
characteristic curve of the PEM electrolyzer is shown in Figure 7.

Figure 7. Characteristic curve of the electrolyzer.

3.4. PEM Fuel Cell

In the proton exchange membrane (PEM) fuel cell, hydrogen fuel oxidizes at the anode and the
oxidant undergoes a reduction reaction at the cathode. Both poles contain catalysts to accelerate the
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electrode reaction. The proton exchange membrane only allows H + to pass, while the electrons lost
from H2 are transmitted through the external wire. The PEM fuel cell is equivalent to the DC power
source [64]. The reaction equations are as follows:

anode : H2 → 2H+ + 2e cathode : 2H+ + 1/2O2 + 2e→ H2O

The working voltage is described as follows:

U = EN −Uact −Uohm −Ucon (7)

where EN is actually the open circuit voltage, Uact is the activation voltage drop, Uohm is the ohmic
voltage drop, and Ucon is the concentration voltage drop.

Hydrogen consumption can be calculated by the following formula:

mH2use = 2mO2use =
IFC

2F
(8)

where IFC is the working current of the PEM fuel cell, and F is the Faraday constant. The working
characteristic curve of the PEM fuel cell is shown in Figure 8. The blue line represents the relationship
between the fuel cell current and hydrogen consumption. The red line represents the relationship
between the current and the voltage of the fuel cell. As the output current of the fuel cell increases,
hydrogen consumption increases linearly and the voltage slightly decreases.

Figure 8. Characteristic curve of PEM fuel cell.

3.5. Battery

The battery model consists of a controlled voltage source and series resistance. The controlled
voltage source is based on the actual state of charge [65]. The non-linear equation is as follows:

E = E0 − γ
Q

Q−
∫

idt
+ A exp

(
−B ·

∫
idt

)
(9)

where E is the no-load voltage, E0 is the constant battery voltage,γ is the polarization voltage, A is the
amplitude of the exponential zone, B is the reciprocal of the time constant of exponential zone, and Q
is battery capacity.

The terminal voltage of battery is expressed as follows:

Vbat = E−Ri (10)
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where R is the series resistance of the battery. The working characteristic curve of battery is shown
in Figure 9. The figure shows the relationship between the battery voltage and discharge time at
different discharge currents. As the discharge current decreases, the discharge time increases and the
attenuation of battery voltage slows down.

Figure 9. Characteristic curve of the battery.

4. System Operation Strategy

4.1. Performance Indicator

There are many modules involved in a multi-energy complementary system, such as wind turbines,
photovoltaic panels, hydrogen energy subsystems, batteries, and the load. In order to improve the
utilization of renewable resources (wind and solar power) and the hydrogen storage level, it is necessary
to propose an operation strategy to coordinate the integrated system. The energy efficiency of the
entire system and the loss of load probability (LLP) also need to be considered comprehensively.

The utilization ratio of renewable energy (URRE) is expressed as follows:

URRE = 1−

∫ T
0 Pcurtail(t)dt∫ T
0 Prenew(t)dt

(11)

where Pcurtail(t) is the curtailed power of renewable resources (wind and solar power), and Prenew(t) is
the maximum available power of renewable resources.

The hydrogen storage level (HSL) is calculated as follows:

HSL =

∫ T
0 LH2(t)dt

T
(12)

where LH2(t) is the real-time state of the hydrogen storage tank.
The energy efficiency of the integrated system is described as follows:

η =

∫ T
0 Pload(t)dt∫ T

0 Prenew(t)dt + EH2

∫ T
0 MH2(t)dt +

∫ T
0 Pbat(t)dt

(13)

where Pload(t) is the load power, MH2(t) is the hydrogen consumption rate, EH2 is the calorific value of
hydrogen, and Pbat(t) is the battery power.

The loss of load probability is calculated as follows:

LLP =

∫ T
0 LPS(t)dt∫ T

0 Pload(t)dt
(14)
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where LPS(t) is the loss of the power supply.

4.2. System Optimization Function

Optimization functions are proposed for the multi-energy system as follows:

(1) In order to meet the hydrogen demand of fuel cell buses and other industries, sufficient hydrogen
production must be ensured. Thus, a high hydrogen storage level needs to be maintained, and the
corresponding optimization function is as follows:

min
{

1−
∫ T

0 LH2 (t)dt
T

}
(15)

(2) Energy loss occurs during the “electricity–hydrogen–electricity” conversion process in the fuel
cell and electrolyzer equipment. In addition, energy loss also occurs in the battery’s charging and
discharging processes. Thus, high efficiency of the system needs to be met, and the corresponding
optimization function is as follows:

min
{

1−
∫ T

0 Pload(t)dt∫ T
0 Prenew(t)dt+EH2

∫ T
0 MH2 (t)dt+

∫ T
0 Pbat(t)dt

}
(16)

(3) In order to improve the reliability of system’s power supply, loss of load probability needs to be
reduced. The corresponding optimization function is as follows:

min
{ ∫ T

0 LPS(t)dt∫ T
0 Pload(t)dt

}
(17)

(4) Wind and photovoltaic power should be used to a maximum extent. Thus, it is necessary to curtail
reductions of wind and photovoltaic power while improving the penetration rate of renewable
energy. The corresponding optimization function is as follows:

min
{ ∫ T

0 Pcurtail(t)dt∫ T
0 Prenew(t)dt

}
(18)

4.3. System Optimization Method

There are four optimization objectives of the system’s operation, and system efficiency, the reliability
of a power supply and the penetration rate of renewable energy are all comprehensively considered.
Furthermore, the hydrogen storage level is given priority among system objectives, as compared with the
traditional operation of a power system. Some of these objectives are in conflict. Moreover, the working
conditions are complex and changeable due to the randomness and uncertainty of renewable energy
systems. Figure 10 displays the proposed expert strategy for the system’s operation based on different
states in the experiment.

The hydrogen storage level is judged first. If the hydrogen is insufficient, the electrolyzer is
opened to produce hydrogen. Otherwise, the electrolyzer is not started. Afterwards, it is judged
whether or not there is surplus renewable energy. If there is surplus energy and the state of charge of
the battery is not full, the battery is charged, preferably. If the battery is fully charged, the surplus
power is sent to the grid (depending to the grid connection requirement); otherwise, the renewable
energy is deemed insufficient. If the state of charge is not empty, the battery is discharged to meet
the load demand. If the hydrogen storage tank is full, the fuel cell is turned on as a supplement.
Thus, the reliability of the system power supply is improved. Finally, deficit power is purchased from
the grid according to the grid connection requirement.
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Figure 10. Operation strategy model.

Hydrogen production is considered to be the priority of the integrated system, and the pressure of
the hydrogen storage tank is taken as the system safety constraint. In order to improve the safety and
stability of the system and ensure the purity of hydrogen production, it is necessary to reasonably set the
working state of the electrolyzer. In this system, the electrolyzer operates under constant power. The fuel
cell operates under variable power, depending on the actual working conditions. The hydrogen storage
level, state of charge, and load power are all monitored, along with the output power of wind turbine
and photovoltaic panel. The central controller not only optimizes the start-up and shutdown of fuel cell
and electrolyzer equipment, but also sets the working mode of battery, wind turbine, and photovoltaic
panel. The power reference values are determined, as well as the interaction with the external power grid.
These operation modes reflect the randomness and uncertainty of the entire system.

The constraints of the system operation are as follows:

(1) The condition for starting the fuel cell is ptank ≥ pmin(fc). The condition for starting the electrolyzer
is ptank ≤ pmax, where ptank is the pressure of the hydrogen storage tank, pmin(fc) is the minimum
pressure of the hydrogen storage required to maintain the start-up of the fuel cell, and pmax is
maximum safety pressure of hydrogen storage tank.

(2) The following condition for the fuel cell must be met: Pfc ≤ Pfc(rating), where Pfc is the working
power of the fuel cell and Pfc(rating) is the rated power of the fuel cell.

(3) Power fluctuation can reduce the efficiency and purity of the hydrogen production. In order to
solve the problems, the electrolyzer operates under a constant power condition (i.e., Pel = Pel(rating),
where Pel(rating) is the rated power of the electrolyzer).

4.4. Operation Modes Analysis

The eight operation modes of the multi-energy system are described in detail as follows.

(1) Operation mode 1

If Pwt + Ppv > Pload + Pel(rating), LH2 is not full, SOC is not full, then the power balance equation
of the system is expressed as follows:

Pwt + Ppv = Pload + Pel(rating) + Pbat (19)
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The wind turbine and photovoltaic panel operate in MPPT mode and the battery is charged.
The fuel cell does not work, and the electrolyzer starts to produce hydrogen.

(2) Operation mode 2

If Pwt + Ppv > Pload + Pel(rating), LH2 is not full, SOC is full, then the power balance equation of the
system is expressed in two cases as follows:

Pwt + Ppv = Pload + Pel(rating) + Pgrid (20)

In this case, the surplus energy is permitted to be delivered to the grid. The wind turbine and
photovoltaic panel operate in MPPT mode. The fuel cell does not work, and the electrolyzer starts to
produce hydrogen.

Pwt(ref) + Ppv(ref) = Pload + Pel(rating) (21)

In this case, the surplus energy is not permitted to be delivered to the grid. The wind turbine and
photovoltaic panel operate in restricted power mode. The fuel cell does not work, and the electrolyzer
starts to produce hydrogen.

(3) Operation mode 3

If Pwt + Ppv > Pload, LH2 is full, SOC is not full, then the power balance equation of the system is
expressed as follows:

Pwt + Ppv = Pload + Pbat, Pel = 0 (22)

The wind turbine and photovoltaic panel operate in MPPT mode and the battery is charged.
The fuel cell and electrolyzer do not work.

(4) Operation mode 4

If Pwt + Ppv > Pload, LH2 is full, SOC is full, then the power balance equation of the system is
expressed in two cases as follows:

Pwt + Ppv = Pload + Pgrid, Pel = 0 (23)

In this case the surplus energy is permitted to be delivered to the grid. The wind turbine and
photovoltaic panel operate in MPPT mode. The fuel cell and electrolyzer do not work.

Pwt(ref) + Ppv(ref) = Pload, Pel= 0 (24)

In this case the surplus energy is not permitted to be delivered to the grid. The wind turbine and
photovoltaic panel operate in restricted power mode. The fuel cell and electrolyzer do not work.

(5) Operation mode 5

If Pwt + Ppv < Pload + Pel(rating), LH2 is not full, SOC is not empty, then the power balance equation
of the system is expressed as follows:

Pwt + Ppv + Pbat = Pload + Pel(rating) (25)

The wind turbine and photovoltaic panel operate in MPPT mode and the battery is discharged.
The fuel cell does not work, and the electrolyzer starts to produce hydrogen.

(6) Operation mode 6
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If Pwt + Ppv < Pload + Pel(rating), LH2 is not full, SOC is empty, then the power balance equation of
the system is expressed as follows:

Pwt + Ppv + Pgrid = Pload + Pel(rating) + Pbat (26)

The wind turbine and photovoltaic panel operate in MPPT mode and the battery is charged.
In order to support the multi-energy system, the system is connected to the external power grid.
The fuel cell does not work, and the electrolyzer starts to produce hydrogen.

(7) Operation mode 7

If Pwt + Ppv < Pload, LH2 is full, SOC is not empty, then the power balance equation of the system
is expressed as follows:

Pwt + Ppv + Pbat + Pfc = Pload (27)

The wind turbine and photovoltaic panel operate in MPPT mode and the battery is discharged.
The electrolyzer does not work, and the fuel cell starts to supply the electricity.

(8) Operation mode 8

If Pwt + Ppv < Pload, LH2 is full, SOC is empty, then the power balance equation of the system is
expressed as follows:

Pwt + Ppv + Pfc = Pload + Pbat (28)

The wind turbine and photovoltaic panel operate in MPPT (maximum power point tracking)
mode and the battery is charged. The electrolyzer does not work, and the fuel cell starts to supply
the electricity.

The operation states of the integrated system are summarized in Table 2.

Table 2. Summary of operation states.

Mode Power
Equation Renewables Electrolyzer H2 Tank Fuel Cell Battery Grid

1 Equation (19) MPPT ON not full OFF not full/charge OFF

2 Equation (20) MPPT ON not full OFF full/OFF ON/sell
Equation (21) restricted power ON not full OFF full/OFF OFF

3 Equation (22) MPPT OFF full OFF not full/charge OFF

4 Equation (23) MPPT OFF full OFF full/OFF ON/sell
Equation (24) restricted power OFF full OFF full/OFF OFF

5 Equation (25) MPPT ON not full OFF not
empty/discharge OFF

6 Equation (26) MPPT ON not full OFF empty/charge ON/buy

7 Equation (27) MPPT OFF full ON not
empty/discharge OFF

8 Equation (28) MPPT OFF full ON empty/charge OFF

5. Experiment Result and Analysis

The entire system integrates a wind turbine, photovoltaic panel, battery, and hydrogen subsystem.
The working scenarios of the system are complex and changeable. The fluctuations of wind and solar
power are violent. The load power is uncertain. The central coordination controller can make the
system efficient and steady [66]. The hydrogen production is preferentially guaranteed. The load power
is reliably supplied. Detailed experiment results are discussed below, according to the different states
of source–load–storage. Each scenario corresponds to the same mode studied in the operation strategy.
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5.1. Scenario 1

Wind and solar energy are sufficient. In addition, the hydrogen storage level and state of charge
are not full. Wind and solar power provide a stable supply for the load. The electrolyzer starts to
produce hydrogen, and the excess energy is stored in the battery.

As shown in Figure 11, the intensity of solar radiation is high, and the solar power is about 900 W.
The solar power varies with the radiation intensity. The peak power of wind turbine is 392 W, and its
randomness is obviously stronger than the solar power. The load power piecewise increases from
100 to 420 W. In order to improve the purity of hydrogen production and prolong the device’s life,
the electrolyzer operates at constant power. The surplus power can be stored in the battery. The overall
trend of charging power can reflect the surplus energy of the system. When the load power is large,
the charging power is small, and vice versa.

Figure 11. Power curves in scenario 1.

The hydrogen storage level and the state of charge are shown in Figure 12. The intensity of solar
radiation slightly fluctuates from 770 to 830 W/m2. The wind speed sharply varies, showing obvious
inherent uncertainty that sometimes is lower than the cut-in wind speed, and sometimes reaches the
rated wind speed. The hydrogen production flow is relatively stable, at 0.8 sl/min. The pressure of
hydrogen storage tank linearly increases from 3.8 to 4.5 bar. Meanwhile the state of charge increases
from 36% to 54%.

Figure 12. Operation state curves in scenario 1.
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5.2. Scenario 2

Wind and solar energy are sufficient. In addition, the hydrogen storage level is not full, but the
state of charge is full. Wind and solar power can stably supply the load. The electrolyzer starts to
produce hydrogen. The excess energy is delivered to the grid or directly discarded, as shown in
Figures 13 and 14, respectively.

Figure 13. Power curves in scenario 2 (grid-connected).

Figure 14. Power curves in scenario 2 (restricted power).

The maximum solar power reaches 900 W. The load power falls from 450 to 280 W. The wind power
is intermittent and fluctuant, and the electrolyzer operates in constant power. When the grid-connected
condition is met, the system delivers surplus energy to the grid, as shown in Figure 13.

When the grid-connected condition is not met, the system operates in restricted power mode.
During this period, the excess of renewable energy is not absorbed, as shown in Figure 14.

5.3. Scenario 3

Wind and solar energy are sufficient. In addition, the hydrogen storage level is full, but the state of
charge is not full. Wind and solar power can stably supply the load. The excess energy is stored in the
battery, as shown in Figure 15. The electrolyzer is shut down. Solar power output slightly fluctuates,
and the load power non-monotonically varies.
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Figure 15. Power curves in scenario 3.

5.4. Scenario 4

The wind and solar energy are sufficient. In addition, the hydrogen storage level and state of
charge are full. Wind and solar power can stably supply the load. The surplus energy is delivered to
the grid or directly discarded.

The electrolyzer is not started. When the grid-connected condition is met, the system delivers
the surplus energy to the grid. The photovoltaic panel works in MPPT mode. The solar power is
about 600 W with small fluctuations. The load power also shows a strong change, which is always less
than the renewable energy. When the load power is small, the power delivered to the grid is large,
and vice versa.

When the grid-connected condition is not met, the system operates under restricted power.
The excess of renewable energy is not absorbed, as shown in Figure 16.

Figure 16. Power curves in scenario 4 (restricted power).

5.5. Scenario 5

Wind and solar energy are insufficient. The hydrogen storage level is not full and the state of
charge is not empty. This operation period is at night. The photovoltaic panel does not work. The wind
speed is less than the cut-in wind speed. The load power increases from 95 to 230 W. The battery
discharges to ensure stable hydrogen production and an uninterrupted supply for the load, as shown
in Figure 17.
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Figure 17. Power curves in scenario 5.

The hydrogen storage level and state of charge are shown in Figure 18. The intensity of solar
radiation fluctuates slightly from 60 to 55 W/m2. The wind speed varies sharply, showing obvious
inherent uncertainty, but the wind speed is lower than the cut-in speed. The hydrogen flow is relatively
stable, at a value of 0.83 sl/min. The state of charge drops from 87% to 39%. The pressure of the
hydrogen storage tank linearly increases from 2.8 to 3.5 bar.

Figure 18. Operation state curves in scenario 5.

5.6. Scenario 6

Wind and solar energy are insufficient. The hydrogen storage level is not full and the state of
charge is empty. In order to ensure stable hydrogen production and an uninterrupted supply for the
load, the system needs to be connected to the grid, as shown in Figure 19. The working period is cloudy,
and the wind speed is lower than the cut-in wind speed. Solar power is low, and slowly increases from
220 to 300 W. The load power varies and is higher than the renewable energy. The power from the grid
is about 710 W. In addition to supplying power to the load, the external grid also provides constant
power for the electrolyzer and charges the battery. When the load power is high, the charging power is
low, and vice versa.



Energies 2020, 13, 5463 19 of 25

Figure 19. Power curves in scenario 6.

5.7. Scenario 7

Wind and solar energy are insufficient. The hydrogen storage level is full and the state of charge
is not empty. When the deficit power of the load is small, the battery independently operates in the
discharged state to ensure that the uninterrupted working of the load.Meanwhile, the fuel cell does not
work, as shown in Figure 20. Solar power rises from 260 to 480 W, but is weaker than the load power, with
an irregular change.

Figure 20. Power curves in scenario 7 (without the fuel cell).

When the deficit power of the load is large, the battery and fuel cell all work to continuously
supply the load, as shown in Figure 21. The intensity of the solar radiation is weak, at only 50 W,
and the load power changes from 1100 to 1350 W. The output power of the fuel cell is 1 kW, but this is
not enough to meet the load demand. The battery is discharged for its uninterrupted power supply.
The trend of the battery output power is consistent with that of the load power.

Figure 21. Power curves in scenario 7 (with the fuel cell).
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The pressure of the hydrogen storage tank and the state of charge are shown in Figure 22. In order to
maintain reliable operation of the fuel cell, the hydrogen flow stabilizes at 14.5 sl/min. The pressure of the
hydrogen storage tank decreases from 4.4 to 1.1 bar. The state of charge decreases from 81% to 57%.

Figure 22. Operation state curves in scenario 7 (with the fuel cell).

5.8. Scenario 8

Wind and solar energy are insufficient. The hydrogen storage level is full and the state of charge is
empty. The fuel cell works to supply the load and charge the battery, as shown in Figure 23. The working
period is at night. Solar power is zero, and the wind speed is less than the cut-in wind speed.

Figure 23. Power curves in scenario 8.

The pressure of the hydrogen storage tank and the state of charge are shown in Figure 24. The trend
of hydrogen flow is consistent with that of the output power of the fuel cell. The pressure of the
hydrogen storage tank decreases from 3.6 to 1.4 bar. The state of charge increases from 20% to 47%.

Figure 24. Operation state curves in scenario 8.
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5.9. Performance Analysis

The experiment results described in Equations (11)–(14) are shown in Table 3. The results of [19]
are also listed in the Table 3 as a baseline. The utilization ratio of renewable energy is about 91.2%.
The integrated system contains two kinds of energy storage units, namely, batteries and a hydrogen
energy subsystem, allowing more renewable energy to be stored, transformed, and utilized. Due to
the high penetration rate of renewable energy, the problem of wind and solar power curtailment
is partly solved, with a hydrogen storage level of about 71.4%. Due to the high calorific value of
hydrogen, the integrated system prioritizes hydrogen production, which is supplied to the chemical
and transportation industries. Hydrogen is supplied to the fuel cell in order to meet the load demand
only when renewable energy and storage batteries are insufficient under the off-grid working condition;
therefore, the hydrogen storage level is high. The efficiency of the integrated system is about 70.2%,
with energy loss occurring in converters, batteries, and the electricity-hydrogen subsystem. Because the
system adopts an AC/DC hybrid bus structure, the converters in the system are reduced, and the fuel
cell is only turned on under limited operation conditions. As a result, the overall energy efficiency is
high, with a loss of load probability of about 7.3%. There are hybrid energy storage units in the system,
but when renewable energy and hybrid energy storage are both insufficient, load loss occurs under
the off-grid working condition. The loss of load probability is higher than that of the corresponding
reference. There is contradiction between the URRE and LLP. With increases in system configuration
capacity, loss of load probability decreases; however, wind and solar power curtailment increase, which
reduces the utilization ratio of renewable energy. The loss of load probability in the reference is low,
while the utilization ratio of renewable energy is not mentioned.

Table 3. Summary of experiment results.

Performance Indicators This Paper Reference [19] Traditional Method

utilization ratio of renewable energy (URRE) 91.2% not mentioned 91.2%
hydrogen storage level (HSL) 71.4% 54.4% 51.3%

efficiency of the integrated system (η) 70.2% 56.6% 80.6%
loss of load probability (LLP) 7.3% 1.68% 6.1%

The traditional operation strategy of the system is shown in Figure 25 as a baseline. This operation
strategy is based on the battery as the central regulator of the system. As an auxiliary means,
the hydrogen energy subsystem only plays the role of electric energy conversion. The corresponding
system performance is also shown in Table 3. The electricity–hydrogen–electricity conversion process
is greatly decreased; therefore, the energy loss is reduced and the operation efficiency of the system
is significantly improved. However, the hydrogen storage level is correspondingly reduced because
hydrogen production is not the main objective in this case. The loss of load probability is slightly reduced.

Figure 25. Traditional operation method.
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6. Conclusions

A multi-energy complementary system is designed in this paper. Because the photovoltaic panel,
battery, and fuel cell all generate DC power and there is a DC load in the system, an AC/DC hybrid bus
structure is presented. The distributed power generation and load can be directly connected to the DC
bus. Thus, the converters are reduced and the efficiency of the multi-energy system is improved.

The objective of system operation is to ensure stable hydrogen output and a reliable power supply.
The main role of the hydrogen energy subsystem does not act as supplementary energy for regulating
the power system, and the hydrogen production of the multi-energy system is increased.

Due to the uncertainty of renewable energy and the fluctuation of the load, an operation strategy
based on state monitoring was proposed and verified in various scenarios. These application scenarios
can fully reflect the randomness of the entire system.

A physical equipment platform was built for the multi-energy system containing a wind turbine
generator, photovoltaic panel, PEM electrolyzer, PEM fuel cell, hydrogen storage tank, battery, load,
and central controller. The working characteristics of each unit and the proposed operation strategy
were tested by means of the physical platform rather than a software simulation. Wind and solar
power curtailment was reduced and hydrogen storage was increased.
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