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With the development of the global economy, the automobile industry is also developing constantly. In recent
years, due to the shortage of environmental energy and other problems, seeking clean energy as the power source
of vehicles to replace traditional fossil energy could be one of the measures to reduce environmental pollution.
Among them, fuel cell hybrid electric vehicles (FCHEVs) have been widely studied by researchers for their

advantages of high energy efficiency, environmental protection, and long driving range.

fuel cells hybrid electric vehicles energy management strategy

| 1. Introduction

Currently, energy shortages and ecological protection are gaining widespread attention in various countries, and
the massive use of fossil fuels is further worsening environmental problems. Among various energy sources and
technologies to replace fossil fuels, hydrogen energy and fuel cells are considered promising solutions to achieve
zero-pollution emissions . The automobile industry is an important industry in many countries, and automobiles
are also a necessity in people’s daily lives. At present, traditional fuel vehicles still occupy a large share of the
market, which will produce many air pollutants and greenhouse gases in the driving process. Replacing fossil fuels
as power sources for vehicles with clean energy sources such as hydrogen and electricity can greatly reduce
pollutant and greenhouse gas emissions 2.

The fuel cells discussed are proton exchange membrane fuel cells (PEMFCs), which use hydrogen energy as the
energy source to generate electricity. The PEMFC directly converts the chemical energy contained in hydrogen into
electricity, heat, and water . The fuel cell suffers from a slow dynamic response ¥ and is difficult to adapt to
complex driving conditions Bl. The chemical reaction of the hydrogen in the fuel cell which supplies electrical
energy is often smaller than the rate of change of the load. At the same time, rapid acceleration and deceleration
and frequent start-stop operations during driving will affect the durability of the fuel cell. Based on these
characteristics, fuel cells are often used in hybrid energy storage systems with other energy sources, such as
batteries and ultracapacitors, for power applications B4, Additionally, fuel cells are widely used in hybrid power
systems with other energy sources. It is useful to reduce the consumption of hydrogen, reduce the size of fuel cells
and increase the economy of hybrid power systems B9, Fuel cell-based hybrid systems are widely used not only
in fuel cell hybrid vehicles but also in other transportation equipment, such as unmanned aerial vehicles (UAVS)
and trams 9. This shows that hydrogen energy is playing an increasingly important role in the transportation
industry.
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Fuel cell hybrid vehicles usually use fuel cells as the main power source and are equipped with batteries or
ultracapacitors as auxiliary energy sources. The working conditions of automobiles driving on the road are very
complex. They often face various emergencies, and the required power demand will also have large fluctuations
and sudden changes. However, if only fuel cells are used as the energy source, the output of large fluctuations in
power can reduce the life of the fuel cell L1, Therefore, the role of the auxiliary energy source is necessary.
Batteries and ultracapacitors can play good roles in auxiliary energy sources. Batteries can recover excess energy
and provide power to the system simultaneously with fuel cells when the load demand power is high. The
ultracapacitor has the characteristics of a fast dynamic response, fast energy recovery, and high specific power,
which can play the role of a timely response in the face of rapid changes in load demand 12, At present, there are
three main system structures of fuel cell hybrid vehicles. The first type is a hybrid system composed of fuel cells
and batteries. The second is a hybrid system composed of fuel cells and ultracapacitors. The final type is a hybrid
system composed of fuel cells, batteries, and ultracapacitors. The power system structure has been studied and

analyzed for different types of fuel cell hybrid vehicles 131,

EMSs play a significant role in the performance and efficiency of fuel cell hybrid vehicles 4. Its main objective is
distributing power between different energy sources while achieving two goals: first, reducing hydrogen
consumption or minimizing equivalent energy consumption 22l: and second, extending fuel cell life, which also
means increasing the economy of the hybrid system [28l. A large number of energy management strategies are
focused on these two optimization goals. The first type of EMSs is the rule-based method. This usually requires
obtaining the power map of the fuel cell to obtain the highest efficiency operating point. It can also adjust the power
distribution of the fuel cell and the energy storage system (battery or ultracapacitor), according to the power system
state. However, it has many disadvantages, such as the parameters that are affected by the test operating
conditions, lacking adaptability to different operating conditions, and the control results are not optimal.
Optimization-based energy management strategies are some of the most studied types and can be divided into two
categories: online optimization strategies; and offline optimization strategies. Among them, the real-time optimal
energy management strategy based on model predictive control (MPC) has been widely discussed in the past two
years. The third category are the learning-based energy management strategies. Its basic idea is to use large data
sets of real-time and historical information to train the parameters of the strategy to obtain optimal control 7. The
classification of common energy management strategies for fuel cell hybrids is shown in Figure 1. Regardless of
the type of energy management strategy, the core of the optimization is represented by two aspects: optimizing

energy consumption; and extending the life of fuel cells and other components [1&l,
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Figure 1. Classification of common energy management strategies.

| 2. Typical Topologies of FCHEVs
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Fuel cells are often combined with other auxiliary energy sources to form a hybrid system to supply energy to
hybrid electric vehicles. These auxiliary power sources are batteries, ultracapacitors (UCs), superconducting
magnetic energy storage (SMES), solar photovoltaics (SPVs), and flywheels. The most commonly used auxiliary
energy sources are batteries and ultracapacitors 22l Batteries are easy to install, low maintenance, and low cost.
Therefore, fuel cell/battery hybrid electric vehicles are widely used in production and are the most common
topology. An ultracapacitor is a storage unit to enhance the dynamic response. It can be used to quickly provide
load or recover energy when the load fluctuates rapidly 29, Compared with batteries and ultracapacitors, the
application of other auxiliary energy storage elements is not as extensive (2. A SMES is an energy storage device
with high power output and low energy density. The working conditions required by SMES are relatively severe.
Due to the consideration of vehicle cost, the application in fuel cell hybrid vehicles is also relatively rare. SPV is a
sustainable, nonpolluting power generation device, but its energy generation depends on sunlight irradiation with
large uncertainty. Therefore, it is not a very ideal auxiliary energy for automobiles. When torque is applied to the
flywheel, the flywheel will store energy in the form of mechanical energy. When the system requires greater power,
the flywheel can release the mechanical energy and convert it into electrical energy to supply energy to the system.

It requires high security and is often used in power grid systems.

Commonly, there are five topological classifications of FCHEVs: fully FC; FC + battery hybridization; FC + UC
hybridization; FC + battery + UC hybridization; and FC + other hybridization.

2.1. Fully FCEV

Fuel cell electric vehicles only use fuel cells to power the transmission system, with no auxiliary energy source.
This topology is simple, as seen in Figure 2, and consists only of a fuel cell stack, DC/DC converter, inverter, and
electric motor. Because of its simple structure, it has the characteristics of being easy to control and realize.
Commonly used applications are mainly in low-speed vehicles, such as forklifts, buses, aviation vehicles, trams,

and marine vehicles [22],
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Figure 2. Full FCEV topology.

2.2. FC + Battery Hybridization

The hybrid power system composed of fuel cells and batteries is the most common topology. Batteries have the
advantages of high energy density, low maintenance and low cost. The average life cycle of battery is 4—6 years.
Therefore, this type of hybridization is widely used in production and are the most common topology 23, There are
two common topologies of FC + battery hybridization. The first is the battery directly connected to the DC bus. In
addition, the other is the battery connected to the DC bus after the DC/DC converter, as shown in Figure 3. In this
system, fuel cells are used as the main power source to provide most of the power for the load. This system has

the advantages of recovering braking energy. However, its dynamic response is slower than FC + UC hybridization.
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Figure 3. Topologies of FC + battery: (a) batteries disconnected to the DC/DC converter; (b) batteries connected to
the DC/DC converter.

2.3. FC + UC Hybridization

Compared with the disadvantages of batteries, such as low energy density, large size, and small instantaneous

charge and discharge current, ultracapacitors have the advantages of fast charge and discharge, and of being able
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to be used more times. Additionally, the average life cycle of UC is 12—20 years 24, According to whether the
ultracapacitor is connected to the DC bus through a DC/DC converter, the hybrid system can also be divided into
two types, as shown in Figure 4. Because the voltage fluctuation of the ultracapacitor is too large, a fully active
topology, as shown in Figure 4b, is generally adopted. This system has the advantages of more efficient power
recovery and better dynamic response to instantaneous high-power demand. It also has the disadvantages of high
economic cost and low energy density; therefore, it is not as widely used as hybrid power systems with fuel cells
and batteries.
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Figure 4. Topologies of FC + UC: (a) UC disconnected to the DC/DC converter; (b) UC connected to the DC/DC
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converter.

2.4. FC + Battery + UC Hybridization

The topology of the fuel cell + battery + UC hybrid power system is shown in Figure 5. The hybrid system still uses
fuel cells as the main energy source to provide the average power demand of the load. The characteristics of
batteries and ultracapacitors are considered comprehensively so that they can work in different states.
Ultracapacitors have the characteristics that can charge and discharge rapidly with high current but have small
energy storage. Ultracapacitors can be used to provide instantaneous power or energy recovery when the power
required by the load has large sudden changes. However, due to the complex structure of the hybrid system and

the strong coupling between the power sources, the control strategy of this system is complicated.
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Figure 5. Topologies of FC + battery + UC: (a) battery disconnected to the DC/DC converter; (b) battery connected
to the DC/DC converter.

2.5. FC + Other Hybridization

Hybrid power systems composed of fuel cells and other auxiliary energy sources are still applied in a small range in

the field of hybrid vehicles. Flywheels can replace batteries as auxiliary energy sources. The energy stored in the
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flywheel is high-speed mechanical energy, which is converted into electrical energy when the motor needs power.

However, because flywheel operation requires a high level of security, it is not widely used. Similarly, SMES is not

used on a large scale due to its high cost. SPVs are also not widely used because of their dependence on solar

energy and the large uncertainty of the energy supply. Researchers mainly focuses on hybrid power systems

composed of fuel cells, batteries, and ultracapacitors, and does not elaborate too much on other auxiliary energy

sources.
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