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Abstract: As one of the most environmentally friendly energy sources today, fuel cells have become
the focus of research in countries around the world, especially in the electric transportation field.
This paper mainly studies the modeling of fuel cell hybrid locomotives (FCHL) including fuel cells,
batteries, motors, and energy management systems. To increase the operating efficiency and improve
the performance of FCHL, a modified fuzzy logic-based energy management system (MFL-EMS)
is proposed and compared with the traditional power flow energy management system (PF-EMS).
Meanwhile, a modified fuel cell hybrid power system model for locomotives is proposed, taking
into account the traction motor features that, compared with a simplified controlled source load,
can directly reflect the status of the locomotive running speed and the output power of the traction
motor load. The proposed system parameters and configurations are determined by combining
the characteristics of power and energy density, response characteristics, and charging/discharging
characteristics of fuel cells and batteries. The precise simulation results revealed that adopting the
proposed MFL-EMS in comparison to the traditional PF-EMS, reduced the hydrogen consumption
by 2.943%. Comparing the battery output voltage, it is confirmed that with MFL-EMS it tends to be
steeper than the one with PE-EMS, showing the proposed strategy’s robustness. Overall, the obtained
results revealed an improved performance in terms of power distribution as well as SOC, which
means less hydrogen consumption and therefore a more economical solution.

Keywords: fuel cell; hybrid locomotive; energy management system; fuzzy logic control; batteries

1. Introduction

For many years, land vehicles such as internal combustion engine vehicles, internal
combustion locomotives, etc., that use heat engines as power devices have obtained the
necessary power sources by burning hydrocarbon fossil fuels and, at the same time, they
have also increased environmental pollution [1,2]. Unlike diesel locomotives, which are
limited by the installed power of diesel engines, electric locomotives have higher dynamic
performance and have significant advantages when running through long ramps, tun-
nels, and heavy loads. Based on popular belief, electric vehicles and electric locomotives
have the advantage of low emissions and zero pollution. However, it should be noted
that although electrical energy is clean with low pollution during use, a large number
of pollutant emissions will be generated during the conversion from other forms of en-
ergy to electrical energy. In comparison to electric locomotives, hybrid locomotives have
outstanding advantages in energy saving and emission reduction. They are also glob-
ally recognized as the research and development direction of green and environmentally
friendly locomotives. Owing to its advantages, fuel cells can be a viable replacement for the
conventional transportation technologies running with diesel [3]. Therefore, the demand
for hybrid locomotives is increasing all around the world. However, fuel cells also have
several disadvantages, such as high cost, generation of hydrogen, and a shorter lifetime [4].
Accordingly, the combination of fuel cells with some energy storage systems (ESS) is an
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alternative solution that can help to increase their performance. ESS could reduce the
demand for the peak power of the fuel cell system and help realize a ‘flat” demand for
traction power [5,6]. In addition, it can effectively recover braking energy and improve
vehicle efficiency [7]. Different ESS systems used for railway systems are discussed in detail
in [8]. Meanwhile, fuel cell and battery hybrid power sources can compensate for the slow
response time issue. Related research on fuel cell locomotive technology started in the
early 1990s [9]. In 2002, the American Vehicle Project LLC and the Fuel Cell Propulsion
Association jointly developed the world’s first pure fuel cell traction locomotive with a
power of 17 kW [10]. In 2006, JR East Japan Railway Co., Ltd. completed the development
of the world’s first fuel cell locomotive. The onboard battery recovered braking energy,
which can save 20% of energy compared with ordinary locomotives [11]. Burlington North
America the Santa Fe (BNSF) railway company proposed a model of a shunting locomotive
in a large mixed yard in 2007 [12]. In January 2008, BNSF officially launched the fuel cell
shunting locomotive project, which uses a 250 kW proton exchange membrane fuel cell
stack (FCS) and up to 1 MW of instantaneous power. In 2016, French Alstom developed
the world’s first fuel cell train to replace non-electric intercity trains powered by diesel
engines. In 2021, China’s first self-developed hydrogen-powered hybrid locomotive rolled
off the production line at CRRC Datong Co., Ltd. in north China’s Shanxi Province [13].
The hybrid power distribution strategies have been widely utilized in FCHL. Accordingly,
designing a suitable energy management strategy (EMS) to make the energy distribution
reasonable is the key aspect to ensuring the system operates stably and efficiently. It has
attracted the attention of many studies and researchers in this field. For example, Fadel et al.
proposed a streamlining approach that could accomplish higher framework effectiveness
than regular PI control and fluffy rationale control (FRC) [14]. In [15], a force-the-board
technique to limit the hydrogen utilization for the mixture powertrain is presented. Xie et al.
planned fluffy coherent energy as the executive’s way to deal with settling the voltage of a
direct current bus [16]. Authors in [17] proposed a strong PI control methodology that could
diminish the utilization of hydrogen effectively; likewise, the heap pressure of the power
device turns out to be less through utilizing the procedure, thus the proposed technique
is advantageous to broadening the lifetime of the energy unit. Hong et al. proposed an
EMS technique dependent on a dynamic following coefficient (ECMS-DFC), which could
keep up with the entire effectiveness of a power module cross-breed framework above
44% while running it into the scaled down, real-drive pattern of the locomotive [18]. Peng
et al. proposed a forward dynamic programming-based algorithm and a rule-based online
strategy for EMS, which helps facilitate power distribution between the battery and the fuel
cell [19]. The optimization-based methodology for using particle swarm optimization for a
fuel cell battery hybrid locomotive is proposed in [20]. There are, additionally, numerous
different investigations on EMS, evaluating the hybrid framework such as the methodol-
ogy dependent on Pontryagin’s minimum principle [21,22], Metaheuristic optimization
techniques [23], fluffy rationale control [24], speed trajectory optimization by Improved
Pathfinder algorithm [25], least identical hydrogen consumption [26], etc. However, the
majority of these EMSs are presented for simple and low-power road vehicles and are not
specified for large-scale, high-power, and time-varying rail vehicles. Fuzzy logic-based
EMSs for FCHL have received limited attention from some experts for the past few years.
To get high efficiency, a power-sharing strategy based on a combination of FLC and the
Haar wavelet transform is presented for an EMS of the hybrid tramway in [27]. This
method is also taking advantage of supercapacitors which in turn leads to increased costs,
but it is too complex for real-case implementation. To propose a modest EMS which is
appropriate for locomotives, this paper proposes a modified fuzzy logic control energy
management strategy (MFL-EMS), considering the power and energy requirements of
the fuel cell hybrid locomotive under different traction conditions such as acceleration,
cruising, coasting, and braking modes, and compare its performance with the traditional
power flow energy management system (PF-EMS). In previous studies, the power demand
of a railway system contains many instantaneous variations, and the presented methods
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are not adequately capable to address it and balance the energy efficiency and dynamic
features together with the lifetime of the ESS because of the substantial negative effects of
the fluctuations in real driving cycles. The proposed MFL-EMS offers a considerably simple
way to get the best performance from ambiguous data in uncertain and time-varying areas
such as railway systems, which allows for the modeling of such complex systems. It can
provide a totally promising solution compared to conventional control methods, especially
for railway systems with nonlinear behaviors where the extraction of the mathematical
model is complex to obtain. The structural arrangement of this paper is divided into the
following parts: Section 2 describes the methodology, including the modeling of power
systems for proposed FCHL including fuel cell, battery, power electronic converters, and
traction motors together with the proposed MFL-EMS, which is explained in detail consid-
ering the quantization factor and fuzzification rules. Finally, Sections 3 and 4 are dedicated
to simulation demonstrations and the conclusion part, respectively.

2. Methodology
2.1. Modeling of Power System for Fuel Cell Hybrid Locomotive

The topology of the FCHL system commonly includes fuel-cell sets as the power
system, a battery as the auxiliary power system and ESS, an electric load as the motor, and
an energy management system. However, considering that the fuel cell has no ability for
energy storing, and it is also easy to influence by the fact that load changes and fuel cell
polarization losses to the output voltage, it will cause the DC bus voltage of the output
to be unstable. Thus, it needs to get a steady output voltage with electric and electronic
technology. From this point of view, the classification of topologies could be done as direct
connections and indirect connections. The structure shown in Figure 1 is adopted by most
fuel cell hybrid power systems (FCHPS). In this topology, the fuel cell is used as the main
power source to provide power constantly, and the battery as the auxiliary source provides
power and recovers regenerative braking energy. Depending on the specific working
conditions such as the last mile, the battery can also drive the vehicle in a pure electric
mode alone. The specific energy flow is also shown in the mentioned figure.

DC bus
Unidirectional > Energy
l:\/[\ DC/DC |::> ) Signal
FUEL CELL converter

Energy
management
system

F

Bidirectional Load/Motor
DC/DC /‘: >
converter

Figure 1. The energy flow diagram of the proposed hybrid locomotive topology.

The FCHPS for locomotives is a large and complex nonlinear system. At present,
the FCHPS adopts a method of load modeling based on a current controlled source. By
evaluating the speed curve under a certain drive-cycle condition, calculating the actual
required power of the system, and using this power to control the current controlled
source for simulation, simulation gets easier. For a traction motor, it is assumed that
it is equivalent to the power load, thus ignoring the traction characteristics and control
issues of the motor. Therefore, in order to analyze the operating characteristics and status
of electric locomotives, the establishment of an FCHPS model for locomotives based on
traction motors is necessary. Moreover, it also lays the foundation for the study of energy
management methods of FCHPSs.
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2.1.1. Modeling of Fuel Cell

The fuel of the fuel cell is mainly hydrogen, and hydrocarbons such as methanol,
natural gas, and gasoline are also used. Due to the different electrolytes” applications,
significant differences exist in reaction principles, materials, operating conditions, struc-
ture, power generation performance, functions, existing problems, and commercialization
processes. The development of fuel cells has gone from the first generation through to the
fifth generation: the proton exchange membrane fuel cell (PEMFC). Compared with other
fuel cells, PEMFC has the advantages of high efficiency, a low working temperature, a fast
response speed, and it is the most widely used fuel cell. In recent years, many research
results have been made according to the model, control, and characteristic analysis of the
PEMEFC. In this paper, the PEMFC is used as the main power source of the fuel cell hybrid
power system.

The various electrochemical reaction equations of the PEMFC fed with a hydrogen-
containing anode gas and an oxygen-containing cathode gas, according to [28], are as
Equation (1):

Anode : Hy — 2HT +2¢~
Cathode : 4AHT + Oy +4e~ — 2H,0 1)
Overall : 2Hy + Oy — 2H,0

Figure 2 shows the equivalent circuit for PEMFC. The output voltage of a PEMFC
stack can be defined as the result of the following expression based on Equation (2). The
detailed information is mentioned in [29]:

VS =N (ENersnt - Vact - Vohmic - VCOV!) (2)

where Vi is the stack voltage/output voltage, N is the number of series-connected cells in
the stack, Enprnst is the reversible fuel cell voltage, V,; is the voltage drop due to activation
losses at the lower currents, V, is the voltage drop due to concentration voltage losses at
higher currents, and V ;. is the voltage drop due to the ohmic losses at the intermediate
currents. Neglecting the concentration voltage drop for simplification, the Enpy,s; can be
calculated as Equation (3). The further details can be found in [30]:

—44.43 RT, 05
Enersnt = 1.229 + (Ty — 298.15) x —— + —fn — (PHZPOZ) 3)
where T, represents the cell operating temperature in Kelvin, Py, and Pp; are partial
pressures of hydrogen and oxygen in atm, where F is Faraday constant and R is gas
constant. The activation losses can be represented as Equation (4) based on [30]:

i 1
Vet = Aln% X T
0 T+1

(4)

where A represents Tafel slope, i, exchange current density, i fuel cell current. The ohmic
loss can be expressed as Equation (5):

Vonmic = Tohm * ifc ®)

where r,p,,,, is the equivalent internal resistance of the fuel cell. The output voltage can be
defined as Equation (6):
Vie=N-Vs (6)
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Figure 2. PEMFC equivalent circuit.

2.1.2. Modeling of Battery

Lithium batteries have regular nonlinear characteristics. In general, battery mod-
eling is divided into three major parts, namely, the electrochemical model, the analyti-
cal/mathematical model, and the electric circuit model [31]. The electrochemical model
can simulate the basic process of electric energy generation in the lithium battery. Thanks
to the complicated design, it is used in the research of the internal theory of batteries
and the optimization of materials. The equivalent circuit model is based on the Thevenin
equivalent principle, through using voltage source, resistance, and capacitance to calculate
the equivalent circuit. The impedance model, first-order model, second-order model, and
high-order model all have been developed and researched maturely. But each Lithium
battery must be equivalent based on its characteristics, insufficient flexibility, and poor
versatility. The last model is the mathematical model which relies on artificial intelligence
algorithms [32]. Through the training of relevant data, the powerful computing ability of
intelligent algorithms are used to obtain the approximate relationship of the SOC between
lithium battery parameters, for instance, current, voltage, internal resistance, charge, dis-
charge, etc. The lithium battery mathematical model in MATLAB/SIMULINK module,
which has been widely used in research, is adopted in this paper too. The equivalent circuit
of the battery is shown in Figure 3. From Ohm’s Law, it is simple to get the Equation (7):

Vo=Ey+r-1I (7)

where Ej is the electromotive force of the battery, V, and Ij are the voltage and current
of the battery, and r shows the internal resistance of the battery. Through adopting the
Ternary lithium battery parameters and setting the battery type to a lithium battery with
regulated parameters, the SOC calculation can be shown as Equation (8):

t+1
idt
SOC(t+1) = SOC(t) — ftQ 8)
where i is the output current of the battery and Q is the maximum capacity of the battery.
lo
MW—
E
Vo

Figure 3. Equivalent circuit of the battery.
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2.1.3. Modeling of DC-DC Converters

The DC-DC converter converts a certain DC power into a controllable DC power to
meet the demand of the traction load. It cuts the constant DC voltage into form through
a series of high and low pulse voltages, by the rapid on-and-off control of the switching
components. Through the control of the duty cycle, the pulse widths of these pulses are
changed in order to adjust the output. The average value of the pulse voltage that is passed
by the output filter to obtain a voltage-controllable DC current, or voltage, depends on the
required load. According to the proposed system shown in Figure 1, two types of DC-DC
converters are adopted.

Unidirectional Converter

According to whether there is electrical isolation installed between the output end and
the input end, the DC-DC converter can be divided into two types: the isolated DC-DC
converter and the non-isolated DC-DC converter. Meanwhile, due to the function and
circuit structure, they can be divided into step-down, step-up, up-down, etc. The terminal
voltage of the fuel cell is very low, so the number of fuel cells needs to be connected in
series and be parallel to obtain a fuel cell stack for the required power supply. The capacity
of the stack depends on the number of fuel cells. Generally, in order to save the cost, this
used fuel cell number should be reduced without affecting its performance, for instance,
the output power and voltage. The bus voltage of a hybrid system is generally higher
than the terminal voltage of the fuel cell. Therefore, the fuel cell must be boosted before
being connected to the bus. Accordingly, the boost converter is adopted as its interface
converter to meet the access requirements. The unidirectional DC-DC converter works in a
constant current mode. Therefore, the proposed controller uses the ratio of the reference
output power from the control system over the DC bus voltage as the reference output
current of the converter. Then, using the inductor output current at the end of the converter,
this reference current is compared to extract the error and send it to the PI controller to
obtain a suitable duty cycle. Finally, input PWM signals are extracted to switches in order
to regulate the converter as shown in Figure 4.

1)
Pref X PIZ) _/
z » »
[/ [P
Vbus Duty Cycle
1 1 >+
z
IL

Figure 4. Boost DC-DC converter control block model.

Bidirectional Converter

The energy storage system plays a role in balancing the power and bus voltage for
the FCHPS. When the fuel cell output power is greater than the load demand power, the
energy storage device balances the voltage by absorbing the excess power. When the
system provides insufficient energy, the energy storage device outputs power to support
the load. Therefore, the energy storage system is both a load and a power source, so its
current needs to flow in both directions. In order to achieve this purpose, the commonly
required converter is the bidirectional DC-DC converter, which can transfer energy in the
power conversion system. Corresponding to the bidirectional DC-DC converter working
in Buck and Boost working modes, the bidirectional converter can stabilize the DC bus
voltage in order to reduce the voltage fluctuation and improve the stability of the system.
The designed bidirectional DC-DC converter model works in a single-loop control mode,
which is the current control loop. When the load needs a lithium battery to provide energy,
the converter is working in constant voltage output mode. It compares the DC bus-side
current as a reference with the battery-side current to get the error. Then, this error is sent
into the PI controller to generate a suitable duty cycle as the input signal of IGBT to achieve
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the purpose of stabilizing the bus voltage of the bidirectional converter. The controller of
a bidirectional DC-DC converter has two parts: one is a boost for discharge in which the
current is positive, and the other is a buck for charge in which the current is negative. To
output the right duty cycle, the logic block is needed to compare zero with the reference
current. When the lithium battery is in a low SOC state, the DC bus charges the lithium
battery to maintain the SOC within a certain range. By using the controller model in a
reference study and to rewrite parameters, the controller block model and logic block are
designed. The proposed control block model of the bidirectional DC-DC converter is shown
in Figure 5.

G

I_ref current reference

Figure 5. Bidirectional DC-DC controller model.

2.1.4. Modeling of DC-AC Converters

The traction inverter is the main component of the fuel cell hybrid power system. The
study of the inverter structure and its control is one of the most important steps when
the traction motor of the hybrid power system is used as a load. The inverter circuit
generally includes a control and drive circuit, a detection and protection circuit, and the
main circuit for power conversion and control. The voltage source inverter is suitable for
loads with a large harmonic current impedance. When the load has a larger inductance, the
harmonic current will decrease, and the waveform of the current will be closer to sinusoidal.
The DC side capacitor has the ability to maintain voltage stability, which can improve
the efficiency of the inverter. At present, voltage-type inverters have been widely used.
Two types of popular topologies, half-bridge and full-bridge, can be considered for the
proposed system. The half-bridge inverter has a simple structure and is low-cost under the
same power conditions, but its DC-side voltage utilization rate is low, and it contains the
output of large harmonic content. Compared with the half-bridge inverter, the full-bridge
inverter is able to output the larger power, and the harmonics inside the output waveform
are low. In summary, for the proposed system, two paralleled voltage-type full-bridge
inverters are adopted. In order to control the inverter, space vector pulse width modulation
(SVPWM) control technology, which is widely used in AC drives of asynchronous motors,
is adopted. The basic control scheme is shown in Figure 6. Inverse Clark transformation
is firstly used to convert three-phase voltage to V and Vg, then the signals transferred
to the sector determine the block to realize the sector. As shown in the figure, there are
6 sectors. Not only the period of PWM and V4, but also V and Vg are the input of the
Time Calculation block. This block outputs the time signal XYZ, which represents different
sectors of SVPWM. X, Y, and Z are sent into the Time Determine block, and finally, time
signals T1 and T2 are generated. These two signals are injected into the Sector Calculation
Change block to output Tem1, Tem2, and Tem3 time signals for the PWM waveform.
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Figure 6. SVPWM basic diagram.

2.1.5. Modeling of Traction Motors

As a vital part of the hybrid power system, the asynchronous traction motor itself is a
high-order, nonlinear, and strongly coupled multivariable system. Its static and dynamic
characteristics, as well as control strategies, are especially complex. In order to make the
asynchronous motor as a load of a designed hybrid power system and get an accurate
response, it is necessary to study the foundational mathematical model of the asynchronous
motor and its control method. The asynchronous motor mathematical model consists
of voltage functions, flux functions, and torque functions. The voltage function of the
asynchronous motor is as Equation (9):

Usq Rs 0 0 0 0 0T /[is Ysa
m 0 Ra 0 0 0 0] lig Vsp
ue | _ {0 0 Re 0 0 Ofl|ic| , 4|t )
Urg 0 0 0 R 0O O] |ira dt | Pra
Upp 0 0 0 0 R, 0 irh ll),,b
Upe 0 0 0 0 0 R lie Pre
—— N~ ——
u R i P

where ug,, g, usc are the terminal voltage of stator windings, 14, Uy, 1y are the terminal
voltage of rotor windings, is,, is, isc are the terminal current of stator windings, i, i,
irc are the terminal current of rotor windings, ¥s;, ¥, ¥sc are the terminal flux of stator
windings, ¥ra, ¥4, ¥ are the terminal flux of rotor windings, and Rg and R, are the
resistance of stator and rotor windings. The flux-linkage of each winding is the summation
of its self-inductance and the mutual induction of other windings and can be calculated as

Equation (10):
l/«’sa LAA LAB LAC LAu LAb LAC isa
Psp Lga Lpp Lpc Lpa Ly Lpe | |isp
$se| _ | Lea Lee Lec Lea Lev Lee | |ise (10)
l/Jm LuA LaB LuC Laa Lab Lac im
Prp Lya Lep Lec Lpa Lep  Lec | |in
l/)rc LCA LCB LCC Lca ch LcC irc
¥ L \z’-/

where Laa, Lpp, Lcc, Laa, Ly, Lec are dedicated to the self-inductance of each winding, and
Lag, Lac, Lag, Lap, Lac are mutual inductance between windings. The electromagnetic
torque of a motor can be obtained by the law of conservation of energy. According to
the principle of energy conversion, in a multi-phase winding motor, the magnetic energy
equation can be calculated as Equation (11):

Wy, = 0.5iT Li (11)
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Meanwhile, the electromagnetic torque equation can be extracted as Equation (12):

dWm

Te=mg9

(12)
where 1, is the number of pole pairs. With the assumption of neglecting the friction and
torsional elasticity in the transmission mechanism of the electric drive system, the torque
balance equation of the asynchronous motor is as Equation (13):

Jdwr | D, (13)

T, — Ty =
¢ L npdt+np

where T is load torque, | is rotational inertia, and D is damping coefficient. These equations
constitute a multi-variable nonlinear mathematical model of a three-phase asynchronous
motor under a constant torque load. It is complicated to directly calculate and analyze
them. Therefore, converting the mathematical model of the asynchronous motor in a
two-phase rotating coordinate system, with the rotation speed of we, after adopting Clark
transformation and then using Park transformation, the electromagnetic matrix equation of
the asynchronous motor can be expressed as Equation (14):

Psa Ls 0 Ly 07 iy
s 0 L 0 Lyl|iy

= ) 14
Yra Ly O L, 0 Lyd (14)
Vrg 0 Lu 0 Ly irg

The voltage equations of rotor and stator resistance in the stationary frame can be
expressed as Equation (15):

Ugd Rs+Lsp  —weLs Lup —weLy isd
Usg _ weLs Rs + Lsp WeLy me isq (15)
Upg Lup —wsLly Ry +Lip —wsLy Ird
Urg wWs L Lyp wsLy Ry + Lyp irq

Space Vector Control Based on Rotor Field Orientation Control (FOC)

Vector control follows the fundamentals of producing equivalent magnetomotive
power, changing over a three-stage fixed arrange framework to a two-stage fixed facilitate
framework, and afterward to a two-stage turning coordinate framework, which totally
decouples the stator current excitation part and force part; overall, they are spatially
opposite to one another. The stator current is not proportional to the electromagnetic
torque. There is an active component to generate the torque and an excitation component to
produce magnetic fields. If the vector relationship of the asynchronous motor is transformed
to the synchronous rotation dg coordinate system, and the d axis is oriented along the
direction of the rotor flux linkage, then, the stator current of the asynchronous motor can
be decomposed into an excitation current component and a torque current component,
along the d axis and along the q axis, and rotating with them. Therefore, the synchronous
rotating coordinate system turns the vector control into the scalar control, and the rotor
field-oriented strategy decouples the nonlinearity of the concerned system in order to
improve the dynamic performance and reduce the complexity. The voltage matrix under
the dq coordinate can be written as Equation (16):

Ugg Rs+Lsp —weLs Lmp —weLy | [isq
Usq| _ weLs Rs + Lsp We L Lup isq (16)
0 Lup 0 Ry +Lip 0 Ird

O Wsg Lm 0 Wg Lr Rr qu
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Combining the flux equation, the stator d-axis excitation current and g-axis torque
current are obtained, and the expression of the electromagnetic torque T, in the steady-state
can be calculated as Equation (17):

. T, . T,

lsd = wsrlpr Isd = ‘USL*VJV

C_1+ftp ) 14T a7
sq = 7Lm r sq = Lo r

L . L .
T, = an—":tpyzsq T, = an—":lprzsq

where T, = L,/R; is the time constant of the rotor. By observing the equations of (17), the
electromagnetic torque is determined by stator current is; and rotor flux ¥;. The rotor
flux ¥, is controlled by iy, so the electromagnetic torque can be regulated and controlled
indirectly by the current is;. With this relationship and the above mathematical equations,
the three-phase asynchronous motor can be modeled as shown in Figure 7 converting
three-phase currents to dgq coordinate systems by abc/dq block.

Figure 7. Three-phase asynchronous motor model in the locomotive.

Under the steady-state condition, the rotor voltage equation can be written as
Equation (18):

(18)

usg = (Rs +oLsp)isy — 0 Lswelsq
usq = (RS + O'Lsp)isq + U'steisd + %lprwe

where o is the leakage coefficient. The Equation (18) indicates that the stator current of both
isg and ig; influences the stator voltage. To decouple the stator voltage with the current,
a transfer function with stator resistance and inductance can be utilized. Therefore, the
reference stator current equation could be written as Equation (19):

¥ = TE*LV

R (19)
it = I

sd Lo

Using the reference current in Equation (19), the reference voltage equation can be
rewritten as Equation (20):

{u; 4 = Rii%y — oLaw,il, 20)

u;‘q = Rsig‘q + 0 Lsweiy,

After calculating the relative parameters of the reference stator current and the voltage
through the above mathematical equations, there are sufficient data for voltage vector
control modeling.

3. Fuzzy Logic-Based Modified Control Energy Management Strategy

The energy management method of the hybrid power system allocates load demand
power among different power sources reasonably. Generally, the design principle is to
minimize fuel consumption ensuring vehicle performance, while also taking into account
the auxiliary energy equipment’s service life. When the vehicle is braking, energy can
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be recovered through the energy management strategy, so as to continue to provide the
required power. This section studies the proposed fuzzy logic-based energy management
system that is proposed. The MFL-EMS uses the designed rules to follow the required
power; with more rules, the result becomes more precise, so as to allocate power reasonably.
According to the different sources of fuzzy control rules, fuzzy controllers are mainly
divided into Mamdani type and TS type. This paper only adopts the Mamdani-type fuzzy
controller to design the fuzzy logic energy management strategy of FCHL, so the principle
of the Mamdani type will be briefly introduced in the next sections. For fuzzy controllers,
the most widely used type in the engineering area is the structure of two-dimensional input
and one-dimensional output (shown in Figure 8), which mainly includes a quantization
factor module, a fuzzy module, an approximate reasoning module, a clarification module,
and a scale factor module.

Knowledge base

vl R fd

Y \

F/D

A
S

\

— K > D/F » A*oR

Main part of logic
controller

Figure 8. Structure of the fuzzy controller.

3.1. Quantization Factor

The beginning of the left part in Figure 8 is a quantization factor module composed of
a numerical vector, which performs a proportional transformation on the real value signal
input to the fuzzy controller, which is the input interface of the fuzzy controller. The input
signal vector of the fuzzy controller is X, each component is a continuous and real number
obtained by sampling or calculation. Assuming that the component of X is x;, and belongs
to M; = [—m;, m;], then M is the physical theory domain of x;. The input of continuous
real number components to the fuzzy controller needs to be fuzzified and mapped to the
corresponding fuzzy subset. Suppose the domain of the fuzzy subset Ay (k=1,2,3 ... n)
corresponding to the component x of X after being fuzzified is Ni = [—n;, n;], then Nj is the
fuzzy domain of x;. In most cases, the physical theory domain of the input of the fuzzy
controller is different from the fuzzy theory domain, so the coefficient transformation needs
to be performed through the quantization factor module.

It is known that the physical theory domain of component xi of the input signal vector
X;is M; = [—m;, m;], and its fuzzy theory domain is N; = [—n;, 1;], so the definition of the
transform coefficient k from M to N as the quantization factor is as Equation (21):
ni

k= 1)

m;

For the proposed control system, the necessary footing force of the locomotive required
fuel cell power and the battery condition of charge SOC are chosen as the information
factors of the fluffy rationale regulator, and the reference electrical power signal of the
energy unit side DC-DC converter of the power device is chosen as the yield variable of
the fluffy rationale regulator. In the present circumstance, the double information and
single yield fluffy are taken on to execute the fluffy rationale energy of the executive’s
methodology. According to the technical parameters of each component of the fuel cell
hybrid electric vehicle, the domains of input and output variables are: fuel cell power
belongs to [0-3 X 10°] W, SOC belongs to [0-100]%, Pref belongs to [0-3 X 10°]1 W, so the
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corresponding values of the quantization factor are as k1 = 3><17105’ ky = 11@. Therefore, the
fuzzy domain of the input and output of the fuzzy logic controller is [0, 1].

3.2. Scale Factor

As shown in Figure 8, the rightmost is the scale factor module composed of the
coefficient w. It mainly realizes the consistent transformation between the real-valued
physical theory domain and the physical theoretical domain, which is required by the
actuator after the clarification processing. Assuming that the physical theory domain of
the output u after clarification processing is P = [—p, p], the physical theory domain of the
input quantity y required by the actuator is Q = [—g, g], then the physical theory domain p
to the transformation coefficient of the physical theory domain g is called the scale factor as
Equation (22):

w= (22)

1
p

Considering the fuel cell power range, the corresponding value of the scale factor for
the proposed system is w = 3 x 10°.

3.3. Approximate Reasoning and Clarification

The modules named A*oR and R are the approximate reasoning module and the
control rule module of the fuzzy logic controller, respectively, which are the core links
to realize the fuzzy controller. Fuzzy control rules are composed of fuzzy conditional
sentences, which are composed of a series of “if ... then ... ’ fuzzy implication relations.
Fuzzy conditional sentences are generally obtained through experimental observations
or based on the designer’s experience. They are the key and the basis for approximate
reasoning. In essence, a fuzzy implication relationship is a fuzzy control rule. After the
quantization factor and the fuzzification process, the input signal vector is mapped into
a fuzzy vector, and the corresponding fuzzy set is output according to the approximate
reasoning rule. In Figure 8, the F/D and fd modules are the clarification module and the
clarification algorithm module. The main function is to equate the fuzzy set output by
approximate reasoning to a clear real value. The principle of the clarification method
is to use a certain clear and real value in the fuzzy domain to represent the fuzzy set.
Generally, it only needs to satisfy the evidence reasonably, and the calculation is convenient
and continuous.

3.4. Fuzzification

In Figure 8, the D/F and yu blocks are fuzzy modules and membership function informa-
tion modules, respectively. The fuzzification processing is mainly to obtain the membership
degree of each real-valued component after the quantization factor processing for each
fuzzy subset. First of all, in order to make each input variable x; fuzzy, it is necessary
to determine the number of fuzzy subsets covering the fuzzy domain N;. Secondly, to
determine the fuzzy subset distribution covering the entire fuzzy domain, three charac-
teristics of completeness, consistency, and interaction must be considered. Finally, the
membership function of each fuzzy subset is determined. The discreteness or continuity
of the fuzzy domain determines the selection of the membership function. Commonly
used types of membership functions are Z-shaped, triangle-shaped, bell-shaped, Gauss-
shaped, trapezoidal, and S-shaped. There is no standard for the selection and design of the
membership function, which mainly depends on the situation of the controlled object and
the personal habits of the designer. Generally speaking, close to the system equilibrium
point, choosing a steep membership function to improve control sensitivity and move
away from the system equilibrium point, and choosing a gentle membership function to
speed up the adjustment time, is appropriate. The fuzzy subset of the fuel cell power of the
locomotive is divided into zero, positive small, positive median, and positive big, using
symbols to indicate {Zero, Posmin, Posmed, Posmax}. The fuzzy subset of the battery state
of charge SOC is divided into low, medium, and high, using symbols denoted as {Low, Med,
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High}. Furthermore, the fuzzy subset of the reference electrical power signal of the fuel
cell side DC-DC converter is divided into off, off-average hold, average, average-medium
hold, medium, medium-maximum hold, and maximum. It is represented by symbols as
{Off, HoldofAve, Ave, HoldofMed, Med, HoldofMax, Max}. A non-uniformly distributed
membership function is used to improve the sensitivity of fuzzy control. The proposed
fuzzy distribution and membership functions of input and output variables are shown in
Figure 9.
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Figure 9. Fuzzy membership functions. (a) membership function of fuel cell power as input.
(b) membership function of SOC as input. (c) membership function of reference power as output.

The control rules of the fuzzy logic energy management strategy are defined according
to the following principles:

Ensure the power demand of the hybrid locomotive;

Reduce the dynamic load of the fuel cell and optimize its working performance;
Maintain the state of charge of the battery near the expected value, and, at the same
time, make full use of the energy stored and absorbed by the battery, reduce fuel costs,
and improve the economy of the hybrid locomotive.

The established fuzzy control rules are shown in Table 1. Among them, the basic rule
of fuzzy inference is “if A and B, then U”, and all of the control rules are summarized based
on actual operating experience. The proposed fuzzy logic energy management strategy
rules are shown in Figure 10.

Table 1. The proposed fuzzy logic control rules.

Preq
SOC .
Zero Posmin Posmed Posmax
Low Hold of Ave Ave Med Max
Med Off Hold of Ave Hold of Med Hold of Max

High Off Off Ave Med




Sustainability 2022, 14, 8336 14 of 22

socC 00 Preq

Figure 10. Fuzzy rules surface for the proposed control energy management strategy.

In order to ensure that the fuel cell is always in the normal working area, the reference
power of the fuel cell side of the converter should be restricted as Equation (23):

Preffcmaxfcmin (23)

where P, is the reference power of the fuel cell side converter, Pr.;; is the minimum
output power of the fuel cell, and Py, is the maximum output power of the fuel cell.

4. Results and Discussion

For the proposed FCHL in this paper, such a system is created: the fuel cell side
DC-DC converter with lithium battery side bidirectional DC-DC topology is adopted. The
DC bus is connected to 2 traction motors through two sets of parallel traction inverters.

The parameter of each component is confirmed and stetted based on the data illus-
trated in Table 2. The FCHPS model with the control of traction motors is executed in a
MATLAB/SIMULINK simulation platform. According to the locomotive’s continuous run-
ning speed, acceleration, grade ability, and other performance indicators (shown in Table 3),
the output power, peak power, rated torque, rated speed, and other related parameters of
the motor under different working conditions can be calculated.

Table 2. Parameters of proposed FCHPS.

Parameter Value
Type HD6
Nominal power (kW) 300 kW
Fuel cell Rated working efficiency 55%
Fuel/oxidant Hydrogen/Air
Nominal/maximum power (kW) 150/300
Nominal/maximum speed (rpm) 1500/3200
Motor Maximum traction torque (n.m) 430
Maximum braking torque (n.m) 550
No-load current 67 A
Type Lithium-ion
Rated Capacity (Ah) 120
Battery Maximum discharging rate (C) 5
Internal impedance (m(2) 35

Rated voltage (V) 380
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Table 3. Parameters of the proposed locomotive.

Parameter Value Parameter Value
Vehicle Mass 45t Axle B-B
Maximum Speed 70 km/h Maximum Gradient 6.50%
Maximum Acceleration 1m/s? Maximum Grade Speed 30 km/h
Inertia 0.1 Gravitational Acceleration 9.8 N/kg
Critical Speed 30 km/h Transmission System Efficiency 0.95
Davis Coefficient A 2.591 Traction Inverter Efficiency 0.95
Davis Coefficient B 0.00078 Davis Coefficient C 0.0911

In order to get the required power consumed by the hybrid locomotive in the proposed
simulation model of the FCHPS, the driving cycle should be generated. This paper assumes
a section of locomotive driving conditions where the vehicle speed changes frequently
because of the railway system’s inherent features. The main purpose is to investigate the
correctness and effectiveness of the proposed energy management strategy under various
power demand conditions. The considered driving cycle and demand for electrical power
are shown in Figure 11. The maximum speed for the tramway line is considered 40 km/h.

T T T T

1 1

0 100 200 300 400 500
Time (sec)

0 100 200 300 400 500
Time (sec)

(b)

Figure 11. Driving cycle features of the locomotive in the proposed system. (a) Speed. (b) Required

power.

Through adopting these driving features, the effectiveness of the proposed MFL-EMS
for the fuel cell hybrid locomotive is evaluated and the simulation results are compared with
the PF-EMS. In this context, the PF-EMS main situations are considered as the minimum
fuel cell output power Py, = 25 kW, the maximum fuel cell output power Py, = 300 kW,
the maximum dynamic changing rate of the fuel cell power as 50 kW /s, the upper limit
of the battery state of charge SOC;, = 80%, the lower limit of the battery state of charge
SOC; = 40%, and the initial state of charge of the battery SOC = 70%. Figure 12 illustrates
that the output power of the fuel cell is determined and distributed suitably by both powers
following the energy management strategies, according to the required power profile of
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Figure 11. More specifically, it varies according to the requirements of the traction demand
power of the vehicle, corresponding to the dedicated driving cycle for 560 s. As can be seen
from the results of this figure, the proposed MFL-EMS reduces the dynamic load of the fuel
cell and the sharp changes. Under hypothetical driving conditions and conventional PF-
EMS, the FCHL adopts power following an energy management strategy with a hydrogen
consumption of 0.05471 kg. However, the hydrogen consumption of the FCHL adopting
the proposed MLF-EMS is 0.05370 kg. Compared with the conventional EMS, hydrogen
consumption is reduced by 1.846%.

5
3 x10 ‘
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Figure 12. Fuel Cell power with proposed MFL-EMS and conventional PF-EMS.

Figure 13 demonstrates the required power, fuel cell power, and battery power in the
designed scenario for the proposed system. Based on this figure, the battery system can
provide adequate power for the traction motor during acceleration. After a few moments,
the fuel cell entered the cycle and charged the battery pack. The negative power area of the
battery in the figure reveals this subject. To ensure fuel cell efficiency, it should be noted
that battery and fuel cell rarely output power simultaneously. In addition to providing or
absorbing power according to the energy distribution principle, the battery also works for
the instantaneous change of load power.

5
1
g X108 : : \ \
—Fuel cell power
Battery power
> —Electric power

0 100 200 300 400 500
Time (sec)

Figure 13. Power curves comparison of FCHL.

As can be seen in this figure, when required power reaches the limitation of FC power
during acceleration, the BESS supplies the rest of the power as the auxiliary source. During
deceleration and braking, the BESS charges and absorbs the braking power. In other words,
due to the slow dynamic response time of the fuel cell, when the traction demand power
increases instantaneously, the output power of the fuel cell cannot increase to the desired
output value in a short time, so the battery provides this instantaneous power. Similarly,
when the traction demand power instantaneously decreases, the output power of the fuel
cell cannot be reduced to the set point value in a short time, so the battery absorbs this
exceeding instantaneous power. Concentrating on the battery power profile shown in
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Figure 14, it can be seen that in the proposed MFL-EMS, the battery not only outputs or
absorbs power according to the energy distribution principle of the control strategy, but
also takes the responsibility for the instantaneous change of load power. Especially from
300 s, the changes in battery power reveal that the proposed MFL-EMS is more robust and
accurate than PF-EMS. In other words, due to the dynamic limitations of the conventional
method, the proposed method supplies the transient power demand successfully during
sudden acceleration or braking of the tramway taking advantage of BESS. To compare
the battery performance for both methods by evaluating Figure 15, it is obvious that
the proposed MFL-EMS can maintain the state of charge (SoC) of the battery within the
expected range, and the final state of charge of the battery is 63.9%. Assuming that after
the driving condition is over, the battery is charged or discharged with rated power so
that its final state of charge is the same as the PF-EMS. Under this condition, the final
SoC of the battery is consistent, and the equivalent hydrogen consumption stored by the
battery is 0.0006 kg. Considering the final state of charge of the battery, the total converted
hydrogen consumption under the MFL-EMS is 0.0531 kg. Compared with the PF-EMS, the
hydrogen consumption is reduced by 2.943%. The difference after 300 s in SoC reveals that
the proposed MFL-EMS adopts BESS more to compensate and supply the transient states
during sudden acceleration or braking of the tramway.
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Figure 14. Battery power profile for FCHPS for proposed MFL-EMS and traditional method.
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Figure 15. Battery SOC% in the FCHPS for proposed MFL-EMS and traditional method.

The BESS voltage during the drive cycle is shown in Figure 16. It can be easily
observed that the DC bus voltage is kept constant around the reference amount (400 V)
under the proposed and traditional method. However, comparing the performance of the
two methods, the battery output voltage with MFL-EMS tends to be steeper than the one
with PF-EMS for transient intervals, which reveals the proposed strategy’s robustness, and
it can make better use of battery power. The results confirm the efficiency of the proposed
PI control.
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Figure 16. Battery voltage in the FCHPS for proposed MFL-EMS and traditional method.

Considering fuel cell voltage and current profile in Figure 17, it can be seen that under
the designed MFL-EMS, the output voltage and output current of the fuel cell and battery
are within the rated range, and the maximum or minimum working points are avoided. In
other words, the transient situations and quick changes in voltage and currents due to the
time-varying features of the tramway have been controlled and damped by the proposed
MFL-EMS. As shown in Figure 17, the maximum voltage drop and current overvoltage,
which happens in the high power consumption mode of the tramway (110 s and 500 s),
have been decreased by about 5% and 12%, respectively. Overall, the proposed MFL-EMS
has the ability to meet the power demand of FCHL, reduce the dynamic load of fuel cells,
optimize the performance of fuel cells, and maintain the state of charge of the battery within
the expected range. In addition, it can fully utilize the energy stored and absorbed by the
battery, reducing the consumption of hydrogen fuel and improving the fuel economy of
the vehicle.
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Figure 17. Fuel cell voltage and current profile in FCHPS for proposed MFL-EMS and traditional
method. (a) Voltage. (b) Current.

In addition, the proposed MFL-EMS has the capacity to satisfy the force need of
power modules over electric trains, diminish the unique heap of energy units, advance the
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exhibition of energy components, and keep up with the condition of charge of the battery
inside the normal situation. Moreover, it can completely use the energy put away and
consumed by the battery, decreasing the utilization of hydrogen fuel and further developing
the mileage of the vehicle.

5. Conclusions and Future Work

As one of the most environmentally friendly green energy sources today, fuel cells are
used as the main power source of the FCHPS. FCHLs with a power system composed of
fuel cells and auxiliary energy sources possess high efficiency and environment-friendly
characteristics, and they have received extensive attention to be a new type of rail trans-
portation. This paper focuses on the study of FCHPS for locomotives considering the
control of traction motors, the structure design, parameter matching, and energy manage-
ment methods of the system. In this context, the optimal topology of the FCHPS for the
locomotive is proposed by calculating the parameters of the entire locomotive, the input
power required by the traction inverter, and the parameter configuration of the traction
motor under the three different operating states of the locomotive; at the maximum speed,
the maximum grade and maximum acceleration.Then the parameters of the fuel cell and the
lithium battery are combined. Finally, the conventional PF-EMS and proposed MFL-EMS
are executed as energy management strategies. Through the analysis of the simulation
results, the effectiveness of the two energy management methods is further verified. The
proposed MFL-EMS is executed by considering the locomotive demanded traction power
and battery state of charge SOC as input parameters, and the DC-DC converter reference
power signal as an output, and then by finalizing corresponding fuzzy control rules based
on the characteristics of the locomotive under study. According to the results, adopting
the proposed MFL-EMS in comparison to the traditional PF-EMS, reduced the hydrogen
consumption by 2.943%. Comparing the battery output voltage, it is confirmed that with
MFL-EMS, it tends to be steeper than the one with PF-EMS showing the proposed strategy’s
robustness. Overall, the obtained results revealed an improved performance in terms of
power distribution as well as SOC, which means less hydrogen consumption and therefore
a more economical solution. However, due to the nonlinear and time-varying features
of railway systems which need fast power demand fluctuations in real driving cycles, a
trade-off between the energy efficiency and dynamic performance of EMSs and the lifetime
of the ESS must be considered. In this context, adopting and analyzing a robust signal
processing method as a future work can be a promising solution to address transients and
improve MFL-EMS performance.
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Nomenclature

Acronyms

BESS battery energy storage system

BNSF Burlington North America the Santa Fe

FCHL fuel cell hybrid locomotive

MFL-EMS fuzzy logic-based energy management system

PF-EMS power flow energy management system
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FCS

EMS

FRC
ECMS_DFC
FCHPS
PEMFC

SOC

SVPWM

FOC

Indexes

Vs [V]

N

ENernst [V]
Vact [V]

Veon [V]
Vonmic [V]

T, [K]

Py, [Pa]

Po; [Pa]

F

R

A [mV/decade]
io [A]

ife [A]

Tohm [Q]

ITA]

Q[Ah]

\Z% [Vl

Usq, Ugp, Usc [V]
Ura, Uy, Urce [V]
isq, isb/ isc [A]
ira, irb, irc [A]
Ysa, ¥sor Fsc [A]

Yra, Yrb/ Fre [Wb]

Wi []]

T, [N-m]
np

TL [Nm]
] [kg-m?]
D [Ns/m]
w, [rad/s]
isq [A]

isq [A]

Pfcmin (W]
Pfcmux (W]
SOC;, [%]
SOC; [%]

fuel cell stack
energy management strategy
fluffy rationale control

EMS technique dependent on dynamic following coefficient

fuel cell hybrid power system
proton exchange membrane fuel cell
State of charge

space vector pulse width modulation
field orientation control

stack voltage/output voltage

number of series-connected cells in the stack

reversible fuel cell voltage

voltage drop at the lower currents
voltage drop at higher currents
voltage drop at the intermediate currents
cell operating temperature in Kelvin
partial pressures of hydrogen

partial pressures of oxygen

Faraday constant

gas constant

Tafel slope

exchange current density

fuel cell current

equivalent internal resistance of the fuel cell
output current of the battery

maximum capacity of the battery

DC bus voltage of converter

terminal voltage of stator windings
terminal voltage of rotor windings
terminal current of stator windings
terminal current of rotor windings
terminal flux of stator windings
terminal flux of rotor windings
magnetic energy

electromagnetic torque

number of pole pairs

load torque

rotational inertia

damping coefficient

rotation speed

stator current in q axis

stator current in d axis

input signal vector of the fuzzy controller
physical theory domain of input signal
domain of the fuzzy subset

domain of the fuzzified fuzzy subset
quantization factor

reference power of the fuel cell

scale factor

approximate reasoning module
clarification module

fuzzy module

membership function information module
minimum output power of the fuel cell
maximum output power of the fuel cell
upper limit of the battery state of charge
lower limit of the battery state of charge
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