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Abstract

Using renewable energy is becoming a new tendency for vehicular applications to reduce
fossil fuel consumption and minimize greenhouse gas emissions. Well-known as an eco-friendly
energy source, the proton exchange membrane fuel cell (PEMFC) is extensively used in hybrid
power systems to achieve the objective of zero-emission and air protection. However, this type of
fuel cell offers slow dynamics and cannot adapt to abrupt load variations when used as a primary
energy source. To overcome this shortcoming, battery (BAT) and/or supercapacitor (SC) are
supplemented as auxiliary sources. Thus, the hybrid configuration of PEMFC-BAT-SC is
developed to improve the performance of the PEMFC system, achieve high operating effectiveness
for a hybrid power system (HPS), address the issue of fuel economy, decrease system size, and
increase device longevity.

In the hybrid power system, it is important to manage the power distribution from energy
sources for adapting load power demand under different working conditions. To effectively make
use of this hybridization, various energy management strategies (EMSs) have been intensively
studied. Essentially, they are classified into rule-based and optimization-based EMSs as two main
strategies. Conventionally, rule-based control strategies have been widely used to handle the power
distribution of energy sources in real-time. However, these conventional control methods can not
be generalized to any optimal objective because the implementation of the rule-based approach
significantly depends on the expert knowledge of designers; thus, being not able to fulfill the
optimal solution. On the contrary, the optimization-based approach refers to several fundamental
algorithms that can specify the optimal objective to enhance the system qualification. Therefore,
this thesis presents a comprehensive control strategy to address these inaccurate power
distributions, maintain the stability of DC bus voltage, and optimize the economic issues for HPS.

Firstly, a comprehensive EMS for an HPS powered by PEMFC, BAT, and SC is proposed
with high- and low-level control to improve the accuracy of power distribution from energy
sources to the load power demand. In detail, a deterministic-frequency decoupling method is
developed in the high-level control to handle the load power adaptation under different working
conditions. Then, the low-level control is designed to define correct gains for compensators of
current and voltage control loops that maintain the stability of DC bus voltage. The obtained results
reveal that the proposed EMS can guarantee power distribution and maintain the robustness of the
DC bus under various load scenarios.

Next, a high-level control based on fuzzy logic rules and a frequency decoupling method is

proposed to improve model uncertainty and complex decisions of deterministic rules. The



proposed method ensures a flexible power distribution not only for PEMFC but also for each
energy source based on their dynamic characteristics and operating frequency ranges. Next, current
and voltage control loops are designed to provide the appropriate gains for compensators that can
maintain a stable voltage on the DC bus. As a result, the proposed EMS reduces voltage ripple on
the DC bus, while increasing the working efficiency of the PEMFC system.

Finally, a novel real-time optimization-based EMS is proposed with a comprehensive
structure of high- and low-level controls for a hybrid power system. The proposed methodology
is constructed based on an extremum seeking (ES) method combined with a new equivalent SOC
and a new adaptive co-state to maintain constraints in the cost function. It is found that the
proposed strategy achieves optimal power distribution, minimizes fuel consumption, and improves
the PEMFC stack efficiency.

All control strategies are validated using the Matlab/Simulink simulations and experiments
based on the scaled-down HPS testbench. The obtained results show that the proposed control
strategies are both feasible and effective. The final section of this thesis presents conclusions and

proposes future studies.
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Chapter 1

INTRODUCTION

1.1 Background and Motivation

Nowadays, environmental pollution becomes an urgent issue that undoubtedly influences the
health of humans and other creatures living in the world. The development of renewable energy
sources is quickly becoming an indispensable solution for inhibiting environmental pollution caused
by types of machines or power generation systems that consume fossil fuels [1, 2]. In addition,
research by the International Energy Agency (IEA) shows that the majority of CO2 emissions are
caused by coal, oil, and natural gas which accounted for 89% of energy-related greenhouse gas
emissions in 2022 [3]. Total energy-related greenhouse gas emissions reached 41.3 Gt CO2-eq in
2022 and the increasing trend continues steadily over the years as shown in Figure 1.1. As a result,
green power sources like solar, wind, or fuel cell are regarded as economically feasible renewable
sources for multiple applications and promising solutions for future development in times of energy
crisis. According to IEA, from 1990 to 2018, renewable electricity generation rose rapidly with wind,
solar photovoltaic (PV), and hydrogen resources. In which, the growth of hydrogen energy increases
by 97.3% and is forecast to remain the world’s largest source of renewable generation as shown in
Figure 1.2.

Non-CO;:
Nitrous oxide

Methane

CO;:

W Industrial processes
Flaring

B Waste
Natural gas

m Oil

m Coal

2000 2005 2010 2015 2020 2022

Figure 1.1 Global energy-related greenhouse CO- emission [3].
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Figure 1.2 Renewable electricity generation by source, World 1990 - 2018 [4].

Recently, the PEMFC has been attracted as a prominent and potential candidate to alternatively
replace the traditional energy storage systems (ESSs) such as BAT or SC [5]. Moreover, the PEMFC
earns worthy properties of lower operating temperatures, higher power density, and higher energy
conversion in comparison with other types of fuel cells [6]. However, variable nature characteristics
such as slow response and inability to satisfy abrupt load demands and absorb regenerative energy
are existing obstacles when employing standalone PEMFC. Hence, the PEMFC system is highly
dependent on an ESS to provide power delivery to load continuity with a fluctuating power source.
As a result, these drawbacks come up with high maintenance costs, short lifetime, and restrict
widespread applications for standalone usage [7]. Therefore, it is necessary to develop an integration
of the PEMFC with other interconnected electrical storage devices. In this configuration, the PEMFC
serves as the primary power supply while the electrical storages function as secondary units to
support the main source. Conventionally, either BATs or SCs, or both are employed as supplements
due to their compatible characteristics for hybridization. The hybrid systems of PEMFC-BAT-SC
have been used in a variety of research fields including DC microgrids [8-10], hybrid electric
vehicles [11-13], construction machinery [14, 15], hybrid tramway powertrains [16-18], and so on.
The aforementioned literature showed that this hybrid configuration could yield improved
performance, decrease system size, address the issue of fuel economy, and increase device longevity.
Furthermore, in order to achieve high operating effectiveness for a complicated hybrid power system
(HPS), the EMS should be designed to properly manage power distribution from energy sources for
the load power demand. The EMS design is considered not only to guarantee overall system

efficiency, and optimize the power allocation in accordance with available sources but also to reduce



the stress of power supplies, extend the lifetime of the energy storage devices, and narrow the size
of the BAT/SC or other storage devices. Therefore, this dissertation aims to address the fundamentals
of energy management and power controls in the HPS and to develop advanced EMS that enables
optimal system energy efficiency and guarantees the reliability of the system operations under

various working conditions.

1.2 Literature Review of Energy Management for Fuel Cell Hybrid Power System

The energy management strategy has recently become an interesting topic for researchers and
many studies have been conducted to control HPS. In [19], a distributed energy management system
was constructed for the HPS based on a rule-based power distribution strategy. By using the charge
and discharge limitations of power capability and residual capacity, the presented EMS might
increase the lifespan and enhance the economics of the hybrid energy storage system. Similar to [20-
22], rule-based EMSs were also developed for the fuel cell electric vehicle (FCEV) to determine the
required power of electrical sources and obtain fuel economy by regulating the power distribution
of BAT and SC through charge and discharge mechanisms. To save hydrogen consumption and
extend the life of system components, Kaya et al. [23] proposed two control strategies based on the
simplicity of their structure and characteristics, which may be readily applied to the many types of
FCEVs. These strategies have only been verified in two separate road models, the "stop-go road
model" and the "uphill-downhill road model", and more complicated road models should be done
for further research. For the fuel cell hybrid excavator, Do et al. presented an EMS in [7], to properly
manage the power distribution of energy sources based on load power demand and increase the
power performance under various operating scenarios. To improve the efficiency of a hybrid
tramway system, Qi Li et al. [24, 25] developed a state machine technique based on droop
management to coordinate numerous power sources when load states change. In [26], a simple
control system was designed for a switcher locomotive-powered PEMFC-BAT-SC hybrid system to
manage the power flows and load power demand levels while maintaining the proper state of charge
(SOC) on the ESSs. In [27, 28], Garcia et al. proposed an operational mode control and cascade
control loop that could allocate the load power demand for each energy source, ensuring power
performance and satisfying the hybrid tramway system's drive cycle under varying operating
circumstances. In addition, depending on the different characteristics of power sources, the
frequency decomposition techniques were applied to regulate the dynamic response, improve the
power-sharing accuracy, and extend the lifetime of devices. Based on the Ragone diagram, LPFs
were used in [29, 30] to decompose the frequency ranges allowed by each power source and improve

the power performance of HPS while reducing stress and power fluctuation on the PEMFC and ESS.



To achieve the optimum distribution of energy between the sources, Snoussi et al. [31] proposed an
adaptive filtering-based EMS for minimizing hydrogen consumption and maintaining the constraints
of each device, such as the permissible limits of storage system capacities and battery current
variation. According to the results of the aforementioned studies, these EMSs could ensure the HPS’s
overall efficiency and fulfill the load power demand. However, the rule-based method remains a
drawback of not flexible operation because of switching modes that are usually based on the on/off
mechanism to adapt to the particular working conditions. This may cause instability and delay to the
system if the order of charge and discharge for ESSs is not appropriate such as power shortage for
the hybrid system in the case of a sudden load change. Nevertheless, these EMSs focus solely on
power distribution for energy sources as the high-level control, but the voltage control scheme of the
DC bus is not taken into account comprehensively to design, so the output voltage could not be
maintained at the desired value. This thing can cause instability and decrease the working
performance of the hybrid system. Furthermore, the controllers of DC-DC converters in low-level
control are designed by the trial and error method without investigating the dynamic characteristics
of these converters. As a result, it is difficult to identify suitable compensator gains. This can result
in a shortage of supplied power for the load, especially if the required power varies abruptly.
Therefore, the development of an EMS considering a comprehensive design of the high- and low-
level control is required to achieve the overall system qualification and improve the stable DC bus
voltage delivered to the load under different working conditions.

Considered as a powerful toolbox, fuzzy logic has been applied to solve the complex issues of
the logical process, especially in the power allocation for the hybrid system. Unlike the classical
logic algorithm that requires clear knowledge, accurate equations, and exact numeric data of a system,
fuzzy logic combines a different way of thinking, which allows complicated systems to be modeled
using a higher degree of flexibility based on human knowledge and experience. In the fuel cell hybrid
vehicular system, the fuzzy logic-based approach has been applied to develop the power
management strategy in many works. For an electric vehicle application, Q1 Li et al. [32] used fuzzy
logic control (FLC) to build EMSs for hybrid FC-BAT and FC-BAT-SC configurations to improve
the fuel economy of the car and extend the mileage of the journey. In [33], Ameur et al. exploited
the master-slave model-based FLC strategy for an EMS design to improve the system efficiency and
prolong the component lifespan for a renewable hybrid system. Ahmadi et al. constructed a fuzzy-
based EMS with a genetic algorithm for a PEMFC integrated with BATs-SCs to improve hybrid
vehicle behaviors [34]. The feasibility of the FLC methods for the PEMFC hybrid system-based
transportation applications was investigated in [6]. In this work, the multi-level Haar-Wavelet

transform was incorporated into the structure of the 2-FLC approach to separate the high- and low-



frequency features of the power demand. The results indicated that the proposed strategy achieved
high efficiency without compromising the stack efficiency of the PEMFC and coordinated the power
demand to each power source appropriately. To guarantee an ideal BAT power in an FC-BAT-SC
tramway system, Piraino et al. [17] applied the FLC to find out the suitable factor of the BAT. In this
strategy, the BAT power, BAT SOC, and SC SOC were input variables while the BAT corrective
factor was the output variable. The simulation was implemented with a real driving cycle and the
results proved that the suggested strategy not only made sufficient BAT power to meet sudden and
unexpected demand variations but also avoided critical SOC levels of the BAT and SC. Based on the
advantages of FLC, Fragiacomo et al. [35] combined this technique and an equivalent consumption
minimization strategy (ECMS) to design an EMS for the hybrid locomotive. Based on detailed
evaluations of stochastic uncertainties in tramway operation, a suboptimal real-time power-sharing
technique was proposed to deal with operation uncertainties, enhance fuel efficiency, and guarantee
system durability. In this work, the FLC was conducted to coordinate the power flows of energy
sources that could adapt to the requirement of load power. In the aforementioned studies, the
requirements of power distribution between the PEMFC and ESSs are effectively implemented by
using fuzzy logic techniques. Although there are more challenges in the design procedure to achieve
high efficiency, the fuzzy logic approach is still a good solution to construct an EMS for a hybrid
PEMFC-BAT-SC system. This technique can handle most situations of operating behavior and
mutual impacts of the charging and discharging process of ESSs to keep the high performance of all
energy sources.

It is a fact that the rule-based approach is a real-time control strategy based on heuristic
knowledge and engineering experience, which can be simply applied to practical hybrid systems,
such as state machines [19, 22], frequency-decoupling [30], and so forth. Nonetheless, it cannot
be generalized to any objective because the implementation of the rule-based approach
significantly depends on the expert knowledge of designers; thus, being not able to fulfill the
optimal solution. On the contrary, the optimization-based approach refers to several fundamental
algorithms that can specify the optimal objective to enhance the system qualification. This
approach can be categorized into global and local (real-time) optimizations. Specific global
optimizations such as dynamics programming, genetic algorithm, particle swarm algorithm,
ECMS, and so forth have been successfully deployed for several objectives such as electric
vehicles [36, 37], construction machines [38, 39], and tramway systems [40, 41]. In the HPS,
optimal control strategies have been developed to solve several requirements of system
performance, economic indicators, optimal sizing, safety protection, and so forth. In detail, the

system performance primarily consists of dynamic responses of power sources and stability on the



steady-state operating condition [42]. The economic issues are evaluated by optimizing the sizing
of the hybrid system, minimizing fuel consumption, maintaining the SOC balance for energy
storage devices, and prolonging the lifetime of power sources [43]. Because the capacity of energy
sources installed on HPS is limited, the EMSs are developed to optimize the power allocation in
accordance with available sources, reduce the stress of power supplies, improve the system
efficiency, and extend the lifetime of the energy storage devices (ESDs) [44]. For safety demands,
the conditions of over-charging or -discharging, current fluctuation, voltage ripple, and operating
temperature of energy sources are mainly considered to prevent risks affecting system performance
[45]. For objectives of electric vehicles, as the limitation of the rule-based approaches when they are
not able to exhibit an optimal solution and require a lot of heuristic efforts, Yi et al. employed
dynamic programming to achieve the optimal solution in the EMS design [46]. Recently, Li et al.
proposed a novel online ECMS for the hybridization of three devices, but for electric vehicles [47].
Concerning the optimization-based approaches for hybrid tramway system, Zhang et al. [48§]
investigated the PEMFC-BAT-SC for an ECMS-based EMS execution. However, the author
neglected the SC consumption in the cost function where the SC operated freely without any
constraint and was just used for absorbing peak and transient load power. Despite being well-known
as a powerful optimization method, the ECMS requires internal parameters such as charged and
discharged resistors and coefficients corresponding to each circumstance to execute the equivalent
consumption and objective function, which may meet difficulty in achieving good system
identification. Besides, the ECMS is a typical method of global optimization, which offers offline
implementation and requires pre-determined or well-known driving cycles. Compared to global
optimizations, real-time optimizations take advantage of flexibly satisfying load variations owing to
the online updating process. In [49], Wang et al. proposed a hierarchical power distribution based on
the ES technique for the HET with a novel configuration of dual PEMFC battery. The ES is useful
to seek out the optimal working point due to its advantages as the model-free method where it also
does not require internal parameters of energy storage devices [50]. It can be seen that the EMS
design is also considered not only to guarantee overall system efficiency, narrow the size of the
BAT/SC or other storage devices but also to achieve high efficiency of energy recovery, and lower
pollutant emissions. Therefore, to meet the demanding requirements of real-world applications, the
optimal EMS challenges must be continuously improved to serve the ever-increasing expectations
of customers as well as to enrich the variety of research directions and encourage the development

of greater HPSs.



1.3 Research Objectives

Motivated by the aforementioned analysis, this dissertation aims to address the existing
issues in the EMS for an HPS such as guaranteeing the power distribution and load power
adaptation, DC bus voltage regulation, improving the PEMFC stack efficiency, and reducing
hydrogen consumption. The research will focus on two interrelated areas of the energy
management strategy consisting of power distribution strategies (high-level control) and the
electrical system design (low-level control). In order to emphasize the interaction between both
areas concurrently, it was decided to investigate them rather than just concentrate on one. The
power distribution will have a significant impact on the optimal system design; however, the
system design will also influence the power split decisions. As a result, they must be considered
concurrently in order to arrive at a better final design.

The specific objectives of this dissertation are defined as follows:

» Investigate the system characteristics including overall HPS configuration, PEMFC model,
ESD models, DC/DC converter models, and load profile model.

» Design a comprehensive control strategy and verification for the HPS that focuses on the
hierarchical high- and low-level control to improve the overall system performance and
stability of load power adaptation.

» Develop EMSs to enhance the proper power distribution of each energy source based on
their dynamic characteristics and operating frequency ranges.

» Optimize the operating points of the PEMFC system based on the cost function that allows
maintaining high-efficiency operating region, saving hydrogen consumption, and
maintaining the SOC of BAT and SC vary in the suitable intervals.

» Regulate the DC bus voltage meets the desired value and minimize the voltage ripple under
different working scenarios.

» Validate the effectiveness of the proposed strategies through comparative simulations and

experiments.

1.4 Limitations

In this study, rule-based and optimization-based energy control strategies are developed for
the HPS with several requirements for power distribution, DC bus voltage regulation, efficiency
improvement, and hydrogen consumption saving. The verifications are implemented in both
simulations and experiments based on the hybrid configuration of PEMFC, BAT, and SC.

However, some limitations of the dissertation are still existing as follows:



» The proposed hybrid configuration is constructed based on the assumption that the PEMFC
stack works following the polarization curves of U-1 and P-I from the company’s user
manual. Indeed, the balance-of-plant (BOP) control issues for the PEMFC system such as
hydrogen/oxygen supply control, humidity/thermal control, and so forth, are not available
for investigation.

» Quantification of fuel cell and battery degradation models is not yet considered due to a
lack of real-time logged data.

» The experimental implementation is only carried out with rule-based strategies
(deterministic and fuzzy) due to the limitation of physical test-rig and controller
configuration for optimization tasks.

1.5 Outline

The thesis is organized into 6 chapters as follows:

Chapter 1 introduces the motivations, research objectives, limitations, and outline of this
dissertation.

Chapter 2 presents the overall configuration of the hybrid power system, characteristics of
power sources, DC/DC converters, load profile model, and theoretical classifications and
requirements of energy management strategy.

Chapter 3 describes a comprehensive EMS for an HPS powered by PEMFC/BAT/SC based
on high- and low-level control. A deterministic-frequency decoupling strategy is developed in
high-level control to distribute the load power demand optimally to the power sources under
different working conditions. In addition, a low-level control is designed to determine correct gains
for compensators of current and voltage control loops that maintain the stability of DC bus voltage
based on the BAT.

Chapter 4 presents an improved EMS to solve model uncertainty and complex decisions of
deterministic rules. A combination of fuzzy logic rules and frequency decoupling method is
proposed to improve the proper power distribution of each energy source based on their dynamic
characteristics and operating frequency ranges. Next, current and voltage control loops are
designed to provide the appropriate gains for compensators that can maintain a stable voltage on
the DC bus.

Chapter 5 describes a real-time optimization EMS based on an extremum-seeking method
to achieve the reference optimal power of the PEMFC. This strategy can be more effectively
regulated to operate in the high-efficiency region with smooth response whereas the SOCs of the

battery and SCs are maintained to vary in the suitable intervals.



Chapter 6 summarizes the works in this dissertation and provides feasible recommendations

for future research.



Chapter 2

HYBRID POWER SYSTEM MODEL

In this chapter, a hybrid power system model is described that will be used in the following
chapters to design energy management strategies.

2.1 Hybrid Power System Description

Due to the slow dynamic response, using a standalone PEMFC cannot adapt to abrupt load
power variations or store the energy regeneration from the load system. For this reason, a hybrid
configuration is developed to guarantee the power supply for load demand and system
performance. In this hybrid system, the SC and BAT, with high energy density and high power
density, are utilized to supplement the lacking power in the initial stage, the transient period or
peak power demands, or store the regenerative energy. Both BAT and SC are devices that can
charge, discharge, and store energy in which the BAT, with high capacity and low energy leakage,
is supposed as an ideal electrochemical storage system, whereas the SC is appropriate for high
power in a short time. Therefore, a combination of PEMFC, BAT, and SC is expected to construct
a fast dynamics system, enhance working performance, optimize fuel savings, and reduce the
PEMFC size and power consumption. Based on the power response of energy sources, the PEMFC
operates with the lowest frequency power source, while the SC performs with the highest
frequency and BAT works at the frequency between PEMFC and SC [51]. The dynamic responses
of the PEMFC, BAT, and SC are described in Figure 2.1.
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Figure 2.1 The response of PEMFC and energy sources [51].
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The suggested configuration of the hybrid power system is described in Figure 2.2. This
hybrid system consists of a PEMFC system as a primary energy source, lithium-ion BAT and SC
bank as ESDs, DC/DC converters that compose of two bidirectional converters and one
unidirectional boost converter, and electric propulsion system as the load power demand. In this
system, the PEMFC system is connected to a unidirectional DC/DC converter to boost its output
low voltage to the required voltage of the DC bus. Meanwhile, both BAT and SC are connected to
bidirectional DC/DC converters to provide power during the acceleration, absorb the regenerative
energy in the braking process, and compensate or consume the peak power of the traction load that
the PEMFC cannot accommodate in a short time. These DC/DC converters are used to connect
three power sources with the DC bus based on a parallel configuration to transfer the power flow
to the electric propulsion system with the charge and discharge modes. In detail, a boost converter
controls the fuel cell output voltage to adapt to the reference value. A bidirectional converter
transfers the power flow in both directions to the ESDs for delivery and recovery cycles. It can be
seen that this configuration provides a flexible mechanism for controlling the DC bus voltage,

enhancing working performance, and achieving fuel economy for the PEMFC system.
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Figure 2.2 Configuration of the hybrid power system.
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For simulation purposes, the dynamics of each subsystem component will be modeled first
to understand the system behavior and for an effective EMS design. The detailed characteristics

of power sources and DC/DC converters are described in the next sub-sections.

2.2 Power Sources and Converters Models

2.2.1 Fuel Cell System Model

In the hybrid power system, the PEMFC is used as the primary source that converts chemical
energy from hydrogen to electric energy for load operation. To reproduce its characteristics, a
detailed model in [52] is applied to construct the simulation model for the PEMFC that composes of
a stack module as a core of the fuel cell system, auxiliary components of hydrogen and air delivery,
water-cooling circulation, humidification, while neglecting the reactant flow inside the electrode. In
this model, system parameters can be easily set up from the datasheet or by using the simple
polarization curve of the testing process. The equivalent circuit of the PEMFC stack is described in

Figure 2.3.
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Figure 2.3 The detailed model of the PEMFC stack [52].

From the dynamic model of PEMFC in [52] and the simulation and experiment test results in
[53], the cell output voltage can be expressed as follows:

V,=E, V.-V, (2.1)
where V, is the cell output voltage (V), E,. is the open-circuit voltage (V), V,,, is the activation
voltage loss (V), and V, denotes the resistive and diffusion voltage loss (V).

The open-circuit voltage can be presented by:
E. =K.E, (2.2)
where K, is the voltage constant at the nominal condition of operation (V), E, is the Nernst voltage

(V).

The Nest voltage is determined as follows:
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where T is the operation temperature (°K), z denotes the number of moving electrons, R is the ideal

gas constant (J/(mol °K)), F is the Faraday constant (A s/mol), P, is the partial pressure of
hydrogen inside the stack (atm), R, is the partial pressure of oxygen inside the stack (atm), and
R0 is the partial pressure of water vapor (atm).

The partial pressure values are given by equations:

R, =(1—Usz )fouel (2.4)
P, =(1-Us, )P (2.5)
PHzO - (W+ 2yU fo, ) Pair (2.6)

where UfH2 is the rate of hydrogen utilization, U fo, denotes the rate of oxygen utilization, x is the

percentage of hydrogen in the fuel (%), y is the percentage of oxygen in the oxidant (%), w is the

percentage of water vapor in the oxidant (%), P, is absolute supply pressure of air (bar), and P,

is absolute supply pressure of fuel (bar). Herein, the terms of U oy and U r,, are defined as follows:

_ 60000RTI
sz ZI:l:)fuelvfuel X (27)
_ B000ORTI (2.8)

foz - ZZFPairVair y

where V., is the fuel flow rate (Ipm) and V,, is the airflow rate (Ipm).

fuel

The activation voltage loss due to reaction kinetics at low current densities can be calculated

as follows:

| 1

V., =Aln ﬂj

t [ I &+1 (2.9)
3

where 4 is the Tafel slope (V), |, is the exchange current (A), | is the PEMFC output current (A),

T, is the cell settling time to a current step (s).

In equation (2.9), the Tafel slope and exchange current are described as follows:
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Rh RT
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where k is Boltzmann’s constant (J/°K), « is the charge transfer coefficient, h is Planck’s constant
(Js), and AG is the activation energy barrier (J/mol).
The resistive and diffusion voltage loss of PEMFC due to the internal resistance of the

electrolyte membrane is expressed as the following equation:
V. =Rl (2.12)
where R, is the combined cell and diffusion resistance (€2).

The cell voltage is assumed to display a delay that is roughly equivalent to three times the time
constant when the cell current change rapidly. Then, the total voltage is generated by combining the

number of cells N as follows:
VFC = che (213)
where V. is the stack output voltage of the PEMFC (V), N is the total number of cells.

During the operation, the output power of PEMFC is not only supplied to the DC bus but also
partly used to operate the auxiliary systems such as cooling and temperature management systems.

Thus, the supplied power from the PEMFC stack is obtained by:
Pec =MecVic ke (2.14)
where P..is the supplied power of the PEMFC stack (W), 7. represents the efficiency of the

PEMFC power source (%).
Regarding the power fed for auxiliary subsystems (cooling fan, heating system, pumps, and so

on), the PEMFC efficiency can be computed by:
_ Vce I FC I:)aux _ Vce Paux
T = ARy lrc <2F (1 Prc j_1.254 (1 Prc ) (2.15)

where F is the Faraday constant, AH,,, denotes the lower reaction heating value of hydrogen

(241.98 kJ/mol), and P,y is the power required to supply for auxiliary subsystems of the PEMFC
system, respectively, that satisfy:
Ptot = Paux + Prc (2.16)
Based on the system modeling and system characteristics, the PEMFC hydrogen consumption

can be obtained from the polarization of [54]:
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where M, denotes the hydrogen consumption (g), P is the power of PEMFC (W), p, is the

energy density of hydrogen chemical (MJ/kg).

Based on the technical specification, polarization curves of the specific fuel cell stack, which

consists of power-current (P-I) and voltage-current (U-I), can be described in Figure 2.4.
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Figure 2.4 The PEMFC polarization curves of voltage-current (U-1) and power-current (P-1).

As the obtained efficiency of the PEMFC system from (2.16), the power-efficiency map [50,

54] can be plotted as shown in Figure 2.5.
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Figure 2.5 Efficiency map of the 200-W PEMFC.

2.2.2 Battery Model

The BAT is used as a secondary power source of the hybrid power system. Due to its high
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energy density, fast dynamic response, and low self-discharge rate, the lithium-ion battery is a
promising device that can be used to compensate for the excess power that PEMFC cannot supply.
Besides, it also works as a storage device with a large capacity to store regenerative energy in the
hybrid system. To explore its behaviors, an equivalent circuit is employed to construct the simulation

model for the BAT as shown in Figure 2.6.
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Figure 2.6 BAT equivalent model [55].

Depending on the discharge or charge mode, the nonlinear voltage is regulated to maintain the
BAT’s capacity in a reasonable performance. The voltage in the discharge mode is calculated as
follows:

Eqis = fl(IBATt’ I;AT’ IBAT)

Q * Q (2.18)
Q——;J'[ IBAT -K Q——:t IBATt + A) exp(_BIBATt)
b~ 'BAT b~ 'BAT

where E,, is the nonlinear voltage in discharge mode (V), E,is the BAT constant voltage (V),

=E,-K

Q, is the maximum BAT capacity (Ah), lg,; is the BAT output current (A), I, is the low-
frequency current dynamics (A), K is the polarization constant (\V/Ah), A is the exponential

voltage (V), and B is the exponential capacity (Ah™).

For the charging mode, due to the fast-increasing voltage of the BAT, the polarization
resistance K (Qb/(Qb - IBATt)) is regulated to depict the performance at the end of the charging
process. Thus, the voltage is given by:

Eo = fZ(IBATt’ I;AT’ IBAT)

. 2.19
LIBAT_KLIBATt_FA)eXp(_BIBATt) ( )
IBATt_O'lQb Qb - IBATt

where E,, is the nonlinear voltage in charge mode (V).

-E,-K

The output voltage of the BAT model is represented as follows:
Vear = B, =R lgar (2.20)
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where R, is the BAT internal resistance (<), E, is the nonlinear voltage (V) that equals E in
discharge mode and equals E, in charge mode as defined in equations (2.18) and (2.19).

The SOC of the BAT can be obtained from the relationship between the current charge and the

maximum capacity by:

SOC,, (t) = SOC,,. (t,) —Qi [ o (217 (2.21)

b t,

where SOC,,; is the SOC level of the BAT (%), ¢ is the instant time, and 1 is the initial time.

From the input parameters of the BAT model, the discharge curves of a specific battery is

portrayed in Figure 2.7.
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Figure 2.7 Polarization curves of the BAT. (a) Nominal current discharge characteristics. (b)

Discharge current.

2.2.3 Supercapacitor Model
The SC is an electric double-layer capacitor that can store and release fast energy due to its
high capacitance. In the hybrid system, this component can be used to store the regenerative energy

or release more energy to compensate for the PEMFC dynamics during the transient or the peak
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power when abrupt load variation. In this study, an SC model is constructed by using the Stern model

[56, 57]. The equivalent circuit of the SC model is illustrated in Figure 2.8.

A

e []

Figure 2.8 SC equivalent model [53].

The output voltage (V) of an elementary SC can be estimated as follows:

sc = I\ILSTQCSC_ Riclsc (2.22)
where | is the SC output current (A), R, is the SC module resistance (2), Q. is the total electric
charge (C), C is the capacitance of an electric double-layer capacitors cell (F), N, denotes the
cells in series, N presents cells in parallel.

The capacitance of a cell can be expressed as follows:

-1
C :[LJFLJ (2.23)
Ci Cec
with:
C, - —Ne“’?’* (2.24)

Cec = FQ, sin Qs
2N.RT NZA /8RT sg,C

where C,, is the Helmholtz capacitance (F), C..is the Gouy — Chapman capacitance (F), N,is

(2.25)

the number of layers of electrodes, ¢ and &, are the permittivity of material and free space (F/m),
A is the interfacial area between electrodes and electrolyte (m?), d is the molecular radius (m),

F is the Faraday constant (A s/mol), R is the ideal gas constant (J/(mol °K)), T is the operating
temperature (°K), ¢ is the molar concentration (mol/m).

Next, the total electric charge is formulated by:

Q= [ 15 (z)d7 (2.26)
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The SOC of the SC is estimated as the relationship between the current and the maximum

capacity. This SOC value is computed by using the following equation:

t

SOC,.(t) = SOC,.(t,) _ 1 j | (r)dz (2.27)

where SOCg. is the SOC level of the SC (%), t is the instant time, and to is the initial time.
2.2.4 DC/DC Converters

DC/DC converters are designed to control the desired current of power sources as well as DC
bus voltage. These converters are utilized to connect the PEMFC, BAT, and SC with a DC bus that
supplies voltage and current to the load. Depending on the role and function of each energy source,
converters will operate to boost or buck the voltage that delivers to the DC bus through discharge or
charge mechanisms. In detail, the unidirectional converter is used to convert the lower voltage of the
PEMFC to the higher voltage on the DC bus in the boost mode, whereas two bidirectional converters
are used to transform the voltage in two directions between BAT/ SC and the DC bus, with the boost
mode for discharging and the buck mode for charging.

Generally, there are two types of DC/DC converter models, usually used for simulation
activities, which are the average-value model and the switching model. In the first model, the
controlled voltage/current sources are used to replace the switching component. The advantage of
the average-value model is the neglect of switching harmonics and less time-consuming. However,
it cannot observe all the switching actions and converter dynamics. The switching model, on the
contrary, regards switching harmonics and losses of switching components. This model is mainly
utilized for experimental boards designed with a PWM control strategy. Due to the low sampling
time requirement, all the switching actions and the converter dynamics can be investigated. In this
study, the switching model of DC/DC converters is used with structures as shown in Figure 2.9.

Both types of converters consist of high-frequency inductor L, two filtering capacitors C; and
C,, resistor R, power source Vi, one switch S with a diode D for the unidirectional converter, and
two switches S1 and S; for the bidirectional converter. For the bidirectional converter, it is noteworthy
that when switch S is activated, switch Sz serves as a diode component and the converter operates
with boost mode; thus, increasing the output voltage to meet the load demand. In contrast, if switch
S, is activated, switch S works as a diode component, the converter acts in buck mode that steps
down the voltage in the DC bus and charges for the BAT or SC. These converters are employed to

regulate the DC bus voltage and the output net power of each device.
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Figure 2.9 The DC/DC converter models. (a) Unidirectional converter with boost mode. (b)

Bidirectional converter with buck and boost modes.

When designing a DC/DC converter, the necessary parameters of input voltage range, nominal
output voltage, and maximum output current should be defined to calculate the maximum switching
current, the range of recommended inductor values, and the capacitance of output capacitors. This
calculation is important to select suitable components that match the requirements of the hybrid
power system. Besides, a duty cycle plays an important role to control the converter according to the

reference current in buck mode or boost mode. This duty cycle can be calculated by:

V
Dy = ——2 2.28
ek Vin_maxnbuck ( )
V.
Dboost =1- 'n_:/'”nbOOSt (229)

out

where D, is the duty cycle of boost mode (%), Dy is the duty cycle of buck mode (%), Vi, i »

V,

in_max »and V,, are the minimum, maximum input voltage and output voltage (V) of the converter,

respectively. My and M. are the efficiencies of the converter which are estimated to equal 90%

for buck mode and 80 — 90% for boost mode, respectively.

2.2.5 Load Profile Model

In this study, two load profile models are applied to verify and evaluate the effectiveness of
energy management strategies that are proposed in the next chapters. Firstly, a step load power

profile with several levels [58, 59] is used to describe the different working conditions, particularly
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the abrupt load variations. This load power demand is partitioned into three levels: high, medium,
and low in which PEMFC will provide respective power levels depending on each load power
level. Secondly, a specific driving cycle [18] is used under operating circumstances such as
acceleration, deceleration, and regenerative energy in practical applications. Both load profiles are

shown in Figure 2.10.
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Figure 2.10 Load profile models. (a) Step load power profile. (b) Specific driving cycle.

2.3 Energy Management Strategy
Fuel cells are undoubtedly one of the most powerful and emission-free power sources. Yet,

fuel cells alone are inadequate when it comes to a large number of real-world applications. The
main reason lies in the fact that the slow dynamic response characteristic of fuel cells prevents
them from meeting the fast-changing dynamic of power requirement. It is then necessary to
integrate fuel cells with batteries and, or supercapacitors to power a system. However, generally,
batteries exhibit higher energy density yet lower power density in comparison with supercapacitors,

and both are faster in response compared to fuel cells. Their differences in dynamic characteristics
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pose a direct threat to the coordination between them, in turn, the system's performance and safety.
Therefore, the implementation of an appropriate energy management strategy (EMS) is crucial to
guarantee smooth operation without sacrificing the performance of a system.

EMS for fuel cell hybrid power systems is a vast area of research and can be divided into
three major techniques, namely rule-based, optimization-based, and learning-based methods. Each
method exhibits specific advantages and disadvantages and is briefly discussed as follows. Also,
Table 2.1 and Figure 2.11 are added for easier comparison.

Table 2.1 Advantages and disadvantages of different EMSs

Method Advantages Disadvantages
- Fusion of numerical data - Long run time
and linguistic information - Limited input parameter
Fuzzy - High robustness - Requirement of expert
- Easy to realize knowledge to determine
fuzzy rules
Rule-based - Simple and easy control - Insufficient accuracy
- Low initial cost - Demand of rule tables with
- Improving hydrogen fuel human reasoning under

Deterministic : o
economy optimal conditions

- Minimization energy
transmission loss

- Able to achieve global - Requirement of prior
Offline optimization knowledge of working
o cycles
E))ap;t;(rjnlzatlon- - Loc_ali_ze global - Sol_ution is often sub-
Online optimization prob_lems optimal _
- Suitable for real-time - Need for instantaneous cost
implementation function calculation
Leamning- _ - Data-dri_ven - A_cqurate data_mining is
b Learning - No requirement for difficult and time-
ased .
absolute models consuming

22




Sliding mode control

*  Neural network Decoupling control

e State machine e Direct
e Thermostat Energy e Indirect
* Power follower management e Gradient
e Gliding-average strategies o Derivative free
Deterministic rule- Offline optimization
based strategies * strategies
Rule-based Learning- Optimization-
methods based methods based methods
Fuzzy rule-based Online optimization
strategies strategies
(" Learning-based ) ;
e Optimized fuzzy o timigation . Equwalen_t fuel_ o
o Adaptive fuzzy P consumption minimization
e Predictive fuzzy e Reinforcement e Model predlctlv_e control
e Clusterin e Extremum seeking
g [ ]
L]

Figure 2.11 Classification of energy management systems.

The rule-based approach is the most popular method to achieve real-time energy
management for fuel cell hybrid storage system. Sets of rules are stated heuristically based on
mathematical formulation and expert experience. Hence, rule-based approaches are famous for
their simplicity, ease of real-time implementation, and robustness against changes in load patterns.
However, as they are built on the foundation of expert knowledge, the solution obtained cannot be
certainly optimal. Two major types of rule-based methods are fuzzy logic control and deterministic
control. The ability to fuse numerical data with linguistic information simultaneously makes fuzzy
logic control a unique energy management strategy. Since the main advantages of fuzzy logic
control are its robustness to measurement noise and component variability, fuzzy logic control is
commonly applied in practice. Nonetheless, some drawbacks of fuzzy logic control can be named
as long run time, limited input parameters, or requirement of expert knowledge to determine the
fuzzy rules. Three types of fuzzy rule-based strategies are optimized, adaptive and predictive.
Whereas, deterministic rules are often achieved through the previously calculated search tables.
Their advantage is the simple and straightforward way of designing rules. However, it also exhibits
some serious disadvantages such as insufficient accuracy or the demand for rule tables with human
reasoning under optimal conditions. Some deterministic rule-based control strategies are state
machine control, thermostat, power follower, and gliding-average.

Optimization-based approaches, on the other hand, are developed to achieve better
performance. The primary objective of these approaches is to optimize certain prescribed criteria
subject to several operational constraints. Therefore, multiple objectives can be achieved
simultaneously. Nonetheless, the fact of being sophisticated poses a problem in that the

computational load can be heavy and thus hard for real-time implementation. Optimization-based
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approaches can be categorized as offline and online optimization methods. For offline optimization
methods, prior knowledge of working cycles is usually required. Four groups of this type and their
representatives are direct optimization methods with dynamic programming, indirect optimization
methods with Pontryagin’s minimum principle, gradient optimization methods with linear and
convex programming, and finally, derivative-free optimization methods with simulated annealing,
stochastic control, genetic algorithm and so on. The biggest advantage of this category is the ability
to achieve global optimization since the knowledge of working cycles is known in advance.
However, the requirement for prior information is also the main reason why these methods are not
suitable for real-time applications. On the contrary, online optimization methods, as their name
suggests, are designed to be applicable to real-time analyses. Some typical algorithms of this type
are equivalent consumption minimization, model predictive control, extremum seeking, sliding
mode control, and decoupling strategy. The equivalent consumption minimization approach
converts the electrical energy consumption into equivalent hydrogen consumption and minimizes
the summation of them. Model predictive control takes advantage of previous and current values
and uses a model to predict future output. Extremum-seeking method obtains maximum or
minimum values for a nonlinear optimization problem. Sliding mode control is also considered for
its simplicity and robustness. While in decoupling control, researchers employ this method to
manage the regulation of common dc-bus voltage in FC-battery hybridization, for example.
Although each algorithm possesses distinctive characteristics, they are all developed to optimize
some cost functions subject to several constraints and physical limitations. As a result, a global
optimization problem can be transformed into a local one, but the result is often suboptimal. Also,
their computational load and performance should be carefully evaluated.

Learning-based methods exploit data mining arrangements to generate optimum controller
performance. While absolute model knowledge is not required to perform system evaluation,
creating an accurate database, which has a direct impact on control performance and size, is
difficult and time-consuming. Different learning-based methods are implemented to regulate the
power flow such as reinforcement learning, clustering learning, and neural network learning.

In general, a proper EMS is required not only to regulate power split among sources but also
to minimize hydrogen consumption and to sustain the lifetime of power sources. Fuel consumption
estimation to be minimized usually appears inside the cost function, whereas the lifetime criterion
can be assessed with constraints on the current and/or state-of-charge of batteries and
supercapacitors. An enormous amount of effort has been made by researchers to satisfy these
requirements. Consequently, the unceasing study in this field of research enriches the variety of

research directions and encourages the development of greater power systems. Regarding the
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literature, it is clear that to meet the demanding requirement of real-world applications, a well-
designed EMS should possess several essential characteristics. Specifically, they should be

globally optimal, real-time, self-adaptive, easy to implement, and of light computational load.

2.4 Conclusion

In this chapter, the configuration of power sources, DC/DC converters, and load profile
models is developed to capture the key dynamics of a hybrid power system for the following
analysis and energy management algorithm design. Dynamic models of PEMFC, BAT, SC, and
DC/DC converter models are described with detailed characteristic functions. The load profile
models also are presented as the load power demand for the hybrid power system. The fuel cell
serves as the primary power source, with the battery pack and supercapacitors serving to absorb
transient loads and protect the fuel cell. Finally, several techniques and requirements of EMS are

illustrated as the theoretical background for the next chapters.
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Chapter 3

COMPREHENSIVE EMS BASED ON DETERMINISTIC-
FREQUENCY DECOUPLING METHOD AND
COMPENSATOR DESIGN

In this chapter, a comprehensive energy management strategy with high- and low-level
control is proposed to improve the accuracy of power distribution from energy sources to the load
demand for a hybrid power system powered by PEMFC, BAT, and SC. Firstly, in the high-level
control, a deterministic rule-based strategy is developed to distribute the load power demand
optimally to the power sources under different working conditions. Then, according to the different
characteristics of energy sources, a frequency decoupling (FD) method is designed to determine
three frequency ranges response of required currents based on the different characteristics of
PEMFC, BAT, and SC. Next to the low-level control, the dynamics response of converters is
analyzed by using the Bode diagram to design correct gains for compensators of current and
voltage control loops that maintain the stability of DC bus voltage based on the BAT. Finally, to
evaluate the effectiveness of the proposed strategy, the simulation model is implemented in a
MATLAB/Simulink environment and an experiment is conducted on the real hybrid power system.
The obtained results reveal that the proposed energy management strategy can precisely coordinate
energy flows between the three power sources and guarantee the robustness of the DC bus under

various load scenarios.

3.1 Introduction

The integration of BATs and SCs with the PEMFC can exhibit better performance, reduce
the system size, solve problems of fuel economy, and prolong devices’ lifespan than the traditional
configuration of one or two power sources. However, problems along with the advantages of the
HPS include the design of an EMS for efficient power-sharing as high-level control and
maintaining the DC bus voltage at a constant and output performance in low-level control.

The first concern, in the field of designing EMS strategies, has recently become an
interesting topic for researchers. Truong et al. [60] employed the fuzzy-based EMS, developed
based on rule-based methodology from the previous work [7], to satisfy the power demand, reduce

hydrogen consumption and maintain storage devices’ SOC for excavators. With the same objective,
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Dao et al. [61] developed an EMS with the integration of a backtracking search algorithm and
sequential quadratic programming to adjust the fuzzy membership functions (MFs); thus, reducing
the fuel consumption and enhancing supplements qualification. Ahmadi et al. constructed a genetic
algorithm for integrated PEMFC-BATSs-SCs to improve hybrid vehicle behaviors [34]. In [33],
Ameur et al. exploited the master-slave model-based fuzzy logic strategy (FLS) to design an EMS
for efficient energy management and component lifespan prolonging. Marzougui et al. [62]
deployed the flatness control and rule-based methodology towards hybridization of the PEMFC,
ultra-capacitor, and BAT for an electric vehicle. Come up with the idea of the HPS’s power
management, Han et al. developed a strategy for multi-source management of PEMFCs-BATSs-
SCs on hybrid tramways [63]. The author employed a pair of set PEMFC-BAT-SC systems to
generate multiple motor units with self-convergence droop control for power distribution among
all devices. Such reports revealed a variety of feasible configurations with certified effectiveness
of using the HPS for industrial automation systems.

Following the historical literature of the EMS designs, the main task is to distribute the power
flow between the PEMFC and other energy sources by executing the current regulation while
maintaining a constant DC bus voltage through a converter. Despite achieving good performance
under arbitrary working conditions, most presented works did focus on designing EMSs as high-
level concerns without dedicatedly considering the problems of DC/DC converter behaviors and
DC bus voltage stabilization due to the variation of the load power and its influence on the whole
system. Besides, regarding the physical characteristics of the switching regulator for PWM
rectifiers, voltage ripple also occurs [64, 65]; thus, reducing the system efficiency and voltage
instability subjected to the load variations. Therefore, it is necessary to investigate the
comprehensive control strategy with high-level control and low-level control that improves the

overall system qualification's stability and performance.

3.2 Proposed Deterministic-Frequency Decoupling Method and Compensator Design

In order to overcome the drawbacks of the traditional deterministic strategy for power
distribution in the fuel cell hybrid system, a deterministic-frequency decoupling control strategy
for high-level control combined with the compensator design for low-level control is developed to
achieve the required powers, as well as to determine the reference currents of three energy sources.

The overall proposed control strategy is described in Figure 3.1. In this figure, the
deterministic rule-based power regulator block is applied to define the required power of the
PEMFC based on the magnitude of the load profile and the SOC of BAT and SC. Then, the

frequency decoupling method is applied to generate the reference currents for the PEMFC system
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and BAT based on the lowpass filter 1 (LPF-1) and lowpass filter 2 (LPF-2). Besides, no matter
how the load changes, the compensator design of DC-DC converters is realized to improve the
system performance and maintain the stability of DC bus voltage. The adaptation of voltage and

current control loops in low-level control is considered to implement operation modes of DC/DC

converters.
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Figure 3.1 The proposed energy management strategy for the hybrid power source.

The load power demand and total power of energy sources should be defined to ensure the
balanced power-sharing of the system at all times as in equation (3.1).

Pload = PFC + PESS (3-1)

where B, is the load power demand (W), P is the power of the energy storage system including

BAT and SC (W).

3.3 High-level Control Design

3.3.1 Frequency Decoupling Method

Based on the dynamic characteristics of energy sources, the Rangone diagram [30] is usually
used to define the specific power and specific energy of each device. This diagram shows the

performance of energy and power density of one specific source as presented in Figure 3.2.
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Figure 3.2 Rangone diagram of power sources [30].

According to these two densities, a specific frequency as the ratio between power density and

energy density is designed to define the frequency ranges allowed by each power source as follows:

f = P power (32)

c
penergy

where f; is the cut-off frequency of each source (Hz), p,,,, is the power density of each source

(W/KE), Pepergy 18 the energy density of each source (J/kg).

From the Rangone diagram, the fuel cell has the lowest-frequency range, the BAT can adapt
to the faster frequency range than the fuel cell, and the SC can deal with the highest-frequency range.
Therefore, the frequency decoupling (FD) method is used to decompose the load power demand into
three frequency bands. This method has the advantages of short-time calculation and a simple design
for experimental applications. To implement the FD algorithm, the low-pass filter (LPF) is chosen

as a transfer function as follows:

2r f,

G(s)=——"—
(5 2rf +s

(3.3)

In this proposed strategy, two LPFs are designed with two different cut-off frequencies
(f.,, f.,). The LPF-1 is used to generate the lower frequency power of the PEMFC (F’,:rf:f ) which
is fed to the low-level control to derive the desired fuel cell current. The LPF-2 is applied to achieve
the faster frequency of BAT power (PE:,ifT) and then is used to define the reference current of the

BAT. Because the PEMFC is a primary source in the HPS, the fuel cell power distribution is regulated
to match the load power demand as well as ensure the working point of PEMFC in the high-
efficiency range following the U-I polarization curves.

3.3.2 Deterministic Rule-Based Method

The working principle of the deterministic rule-based power regulator is portrayed in Figure
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3.3. In this flow chart, the required power of the PEMFC is defined depending on the levels of power
load. Firstly, the load’s voltage and current are measured to calculate the power demand from the

system. In the case of a low level, where the load power is lower than the nominal PEMFC power

(R,.g <P2™), the PEMFC is a primary source that sufficiently provides power to satisfy the load
demand (P, =P,,,), while BAT and SC are only used to compensate for the PEMFC dynamics in

the transient state when an abrupt change of load power occurs. Besides, extra power generated from
PEMFC can also be used to charge the BAT or SC if needed. The medium level is determined when

the load power demand exceeds the nominal value but is still less than the maximum power of the

PEMFC PR" <R, <P . Inthis case, the PEMFC output power is regulated at the nominal value

load

(P-. =P&"), and the BAT and SC are enabled to complement the residual induced from insufficient

power of the PEMFC via the converters as discharging and charging processes. At the high level, if

the load power demand is greater than the maximum power of the fuel cell (B, =P%), the

PEMFC releases the maximum value (P-. =P ), and the remaining load power will be provided

by the BAT and SC, depending on the status of these devices and the particular working conditions.
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Figure 3.3 The flowchart of deterministic rule-based for fuel cell power distribution.

In order to match the characteristic of the PEMFC, the low-pass filter 1 is applied to
decompose the low-frequency and high-frequency power of the PEMFC. Thus, the reference power
of the PEMFC can be determined from the required PEMFC power as follows:
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P =Gy(8) P (3.4)

2ty

G (s)=—""—
1(5) 2rf, +s

(3.5)

where P-. and PFrf:f describe the required power and reference power of the PEMFC (W), respectively;
G,(s) is a transfer function of LPF-1, f_ is the cut-off frequency to define the reference PEMFC
power (Hz).

Based on the reference power of PEMFC, the power of the energy storage system can be

defined as follows:
PESS = Pload - PFrg (3.6)

Similarly for the BAT, the low-pass filter 2 is also utilized to separate the low- and high-

frequency BAT power which obtains the reference BAT power. This power can be defined as follows:

PBthI' :Gz (s) PESS (3.7)
2 f

G.(s)= —"—<

10) 2nt,+s (3.8)

where G, (S) is the transfer function of LPF-2, f_, is the cut-off frequency to define the reference

BAT power (Hz).

Due to the slow dynamic, the PEMFC and BAT cannot adapt to the high-frequency power of
load demand instantly. Fortunately, the SC, with the high power density and fast dynamic response,
1s combined to compensate for the load fluctuation and high-frequency powers of PEMFC and BAT.

The reference SC power can be calculated by
Psrgf = PESS - PBr/ifT (3.9)
As a result, the obtained reference powers of PEMFC, BAT, and SC are used in the low-level

control to define the required currents of power sources, which will be discussed in the next section.

3.4 Low-Level Control Design

In this work, four PI controllers are designed to generate the PWM signals for DC/DC
converters and regulate the DC bus voltage. The current control loop of the PEMFC boost
converter is controlled by the PI-1 controller. The PI-2 controller is the outer voltage control loop
to maintain the DC bus voltage, while the P1-3 controller is the inner current control loop for the
BAT’s bidirectional buck-boost converter. Meanwhile, the PI-4 controller is designed for use in
the current control loop of the SC’s bidirectional buck-boost converter. In the bidirectional

converter, because both buck (charge direction) and boost (discharge direction) modes employ the
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similar transfer function of control loops, the operating characteristics of boost mode are taken
into account while designing the controller.

In the control parameters design process, the controller gains of the SC converter are
designed first because the SC has a fast dynamic response than the BAT and PEMFC. Besides, the
current control loop bandwidth (BW) of the PI-4 controller is selected higher than the BW of other
controllers. Similarly, the current control loop BW of the PI-3 controller is chosen as lesser than
the PI-4 controller but higher than the PI-1 controller because the BAT charge/discharge rates are
slower than the SC but faster than the PEMFC. Besides, the BW of the BAT and PEMFC current
controller is designed such that high-frequency components are transferred to the SC for power or
current compensation. In this work, the current control loop BW of the PI-4, PI-3, and PI-1

controllers is limited to equal 1/6, 1/10, and 1/14 of the switching frequency (f,) of the DC/DC

converters, respectively [66]. Furthermore, to regulate the DC bus voltage, the voltage control loop
(P1-2 control) BW is chosen smaller than the current control loop (PI-3 control) of the BAT
because the current control loop has a faster response than the voltage control loop.

3.4.1 Design of SC Current Controller (P1-4 Controller)

In the control strategy, SC is used as the ESS to compensate for the response of BAT and
PEMFC. The controller of the SC converter is designed by using the reference and measured SC
current. Thus, the characteristics of the current control loop are considered to guarantee the
stability of the current controller. The block diagram of the SC current control loop is presented in
Figure 3.4.

Current control loop

ref | E
lsc | Dsc I

Gpi_SC > Gid_SC

v

HI_SC

Figure 3.4 Current controller diagram of the SC converter.
The duty-cycle-to-current transfer function of the SC converter is given by [67]

RC
1 2
, (+ 2 S)

2
(1-Ds)'Rq, L =S+ LC, > s
(1_ DSC) R (1_ DSC)

Gy s (8) = (3.10)
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where V, is the output voltage of the converter (V), Dg. is the duty cycle of the SC bidirectional

converter (%), R, L, and C are the values of the resistor, inductor, and capacitor of the bidirectional

converter, respectively.
To achieve the desired crossover frequency and stability margin of the transfer function

(3.10), the PI compensator (PI-4 controller) is designed as follows:

1
Gpi_SC (s)= Kp_SC + Ki_SC g (3.11)

where K o and K; . are the Pl compensator gains.
The transfer function of the compensated current control loop of the SC converter is defined
as follows:
T c(8)=G, c(8)Gy sc(5)-H, & (3.12)
where H, . is the current sensor gain.

The parameters of electronic components used in the SC converter are given in Table 3.1.
The Bode diagram of the SC current control loop with and without using the Pl compensator is
shown in Figure 3.5. It can be seen that the phase margin (PM) decreases from 90° to 60.1° at
2.09x10* rad/sec when using the PI compensator. Thus, this compensator can ensure the stability

of the current control loop for the SC converter. As a result, the PI-4 controller parameters are
defined with K ¢ =0.0257 and K; 4 =307.3101.
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Figure 3.5 Bode diagram of the SC current control loop.
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Table 3.1 Parameters of the SC bidirectional converter.

Parameter Value Parameter Value
V, 48 (V) C2 3.2 (mF)
Vin sc 24 (V) Dy 0.5
H, « 1 L 140 (uH)
R 50 (mQ) f,, 20 (kHz)

3.4.2 Design of BAT Current Controller (P1-3 Controller)
In the control strategy, the BAT is used to guarantee the DC bus voltage. Thus, two control
loops are applied in which the inner loop is the current control and the outer loop is the voltage

control. The block diagram of the BAT controllers is shown in Figure 3.6.

Current control loop

ref ref )
VDC G IBAT . G DBATkG IBAT ! G VDC .
> C‘—? pi_V X pi_BAT 7 1~id _BAT P Svi_BAT '
H I _BAT
HV _BAT

Figure 3.6 Block diagram of the controllers for BAT converter.

The voltage control loop produces the reference current to the BAT (I;{T) that is then

compared to the measured BAT current to generate the input signal in the current control loop.
The transfer function of duty-cycle-to-current is described as follows [67]

RC
1 2
2 (+2Sj

G, S) = 2
|d_BAT() (1_DBAT)2R1+ L

c (3.13)

S+ S
a- DBAT)ZR - DBAT)Z

where V, is the output voltage of the converter (V) and D;,; is the duty cycle of the BAT

converter (%).
The PI compensator of the BAT current control loop (PI-3 controller) is given as

1
Gpi_BAT (S) = Kp_BAT + Ki_BAT E (3-14)

where K g,r and K; g, are the gains of the PI controller.
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The transfer function of the current control loop is described as
Ti_BAT (S) = Gpi_BAT (S)'Gid_BAT (S)-H | _BAT

where H, ;,; is the current sensor gain.

(3.15)

The parameters of the BAT converter are given in Table 3.2. The Bode plot of the BAT
current control loop with and without the PI compensator is shown in Figure 3.7. The PM with PI
compensator is 60° which achieves the stability of the current control loop at 1.26x10° rad/sec.

Then, the PI-3 controller parameters are determined withK | 5, =0.0153 and K 5, =110.1810.
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Figure 3.7 Bode diagram of the BAT current control loop.
Table 3.2 Parameters of the BAT bidirectional converter.
Parameter Value Parameter Value
V0 48 (V) C 3.2 (mF)
Vin_BAT 216 (V) DBAT 0.55
H, gar 1 L 140 (uH)
R 50 (m©) f,, 20 (kHz)

3.4.3 Design of DC Bus Voltage Controller (PI-2 Controller)
In the HPS, the DC bus voltage decreases when load power demand increases rapidly,

whereas this voltage will boost if the power load declines. A bus regulation, thus, is necessary to
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obtain the stability of DC bus voltage. In this study, the BAT is employed to keep the DC bus voltage
at the desired value. As a result, the DC bus voltage controller is based on the outer voltage control
loop of the BAT bidirectional converter as presented in Figure 3.6. The transfer function of the
voltage control loop is given as [67]
RQ- Deur ) (1_ ;2 SJ
R(]-_ DBAT)
2+RC,s

(3.16)

Gvi_BAT (S) =

Due to the slower response than the inner current control loop, the outer voltage control loop
has a lesser bandwidth than the current control loop. The Pl compensator transfer function of the

voltage control loop (PI-2 controller) is given as

Gpi_v (s) = Kp_v + Ki_v (3.17)

w |

where K, and K, are the gains of PI-2 controller.
The transfer function of the voltage control loop is described as
T,(8) =Gy v (8)Gyi_gar (8)-Hy _gar (3.18)
where H, g, is the voltage sensor gain.

The Bode plot of the voltage control loop with and without the PI compensator is shown in
Figure 3.8. The DC bus voltage controller is designed such that the PM of 59.4° at 1.24 x10° rad/sec.
As a result, the P1-2 controller parameters are defined with K, =6.1436 and K; ,, =482.52.
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Figure 3.8 Bode diagram of the DC bus voltage control loop.
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3.4.4 Design of PEMFC Current Controller (P1-1 Controller)
In this hybrid system, the PEMFC is used as the primary source to supply the power for load

power demand. The block diagram of the current controller for PEMFC is presented in Figure 3.9.
Current control Idbp

| ;ecf Dec
Gpi_FC > Gid_FC

IFC

|-
Ll

HI_FC

Figure 3.9 Current controller diagram of the PEMFC converter.
The duty-cycle-to-current transfer function of the PEMFC converter is given by [67]

RC,
N, (“ 2 Sj

2
(L-Dec)Ry, L S+ LG, S5
(1_ DFC) R (1_ DFC)

Gy rc (s)=

(3.19)

where V, is the output voltage of the converter (V) and D is the duty cycle of the FC boost

converter (%).
The Pl compensator (PI-1 controller) is designed as follows:
1

Gpi_FC (s) = Kp_FC + Ki_FC g (3.20)

where Kp_FC and Ki_FC are the Pl compensator gains.
The compensated current control loop of the PEMFC converter is given by
Ti_FC (s) :Gpi_FC(S)'Gid_FC(S)'HI_FC (3.21)
where H, . is the current sensor gain.

The parameters of the PEMFC converter are given in Table 3.3. The Bode diagram of the
SC current control loop with and without using the PI compensator is shown in Figure 3.10. The
result of PM with PI compensator is 60° at 8.98x10° rad/sec, which can achieve the stability of

the current control loop for the PEMFC boost converter. Therefore, the PI-1 controller parameters

are achieved with K . =0.0104 and K; ;. =23.3103.
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Figure 3.10 Bode diagram of the PEMFC current control loop.

Table 3.3 Parameters of the PEMFC converter.

Parameter Value Parameter Value
V0 48 (V) C2 3.2 (mF)
in_Fc 24.3(V) De. 0.51
H, 1 L 140 (uH)
R 50 (mQ) f,, 20 (kHz)

3.4.5 SOC Regulators
In order to maintain the SOC of BAT and SC in the limited range SOC_;, < SOC <SOC_,,,

two SOC regulators are designed in the low-level control as shown in Figure 3.1. For the BAT, a

SOC regulator scheme is proposed to maintain the battery SOC level of the BAT in a limited range

SOCeqsr min <SOCgyr <SOCqur k- The value of SOC status is compared with SOCg,; ., and

SOCqur mex to decide the reference current of the BAT [68] as follows:

o

Iref _
BAT —

A

| cmd
BAT

| cmd

BAT

SOCI™ < SOC,,, < SOC™

cmd H
I BAT ‘ If

< SOC min

BAT — BAT

SoC

(3.22)

SOC,,; > SOCgx

BAT = BAT
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where 15 is the reference current of the BAT (A), 1217 is the required BAT current (A), SOCg,;

is the BAT status (%), SOC{y and SOC[ are the minimum and maximum allowable SOC level
of the BAT (%), ¢, and f, are the tuning parameters.

Based on the SOC conditions of the BAT, the above tuning parameters are defined below:
4! ‘SOCBAT - SOCQX;

o, = . 3.23
1 socT; .
_ 6,/S0C,,; —sOCg 3.24)

' SOC™ '

where 7, and J, are the positive constants depending on the charge/discharge characteristics of the

BAT.
The same as BAT, a SOC regulator is also considered to guarantee the SC SOC in the limited

ranges. Hence, the reference current for the SC can be considered as follows:

a, 1] if SOC,. <SoCon
I =4 1 if SOCT" < SOC,. < SOCT™ (3.25)
BN if SOC,. >SOCT™

where |;ecf is the reference current of the SC (A), |Sc(n; " is the required SC current (A), SOCg is the
SC status (%), SOCZ" and SOC{™ are the minimum and maximum allowable SOC of the SC (%),
respectively; a,and f, are the tuning parameters.

Based on the SOC,. conditions, the value of «, and f, is governed by:

_ 72|SOC —SOCE"

o, = . (3.26)
? socgr

szgﬁocm—soch a2
SOCI™

where 7, and J, are the positive constants depending on the charge/discharge characteristics of the

SC.

During the operation, the EMS appropriately distributes power to each power supply to not
only sufficiently satisfy the workload demand but also maintain the supplements’ SOCs. These
parameters should be properly determined to avoid the state of overcharging or deep discharging.
For the charging process, if a certain storage device has higher SOC, the injected power is lower,

and vice versa. Meanwhile, in the discharging process, the output power is higher with higher SOC
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and is lower with lower SOC. Furthermore, if the SOC of the BAT or SC reaches its upper bound,
or lower bound, disconnected action is executed and this device will wait for the next discharging or

charging process, respectively.

3.5 Simulation Results

In the following simulations and experimental tests, two load power profiles in Fig 2.8 are
chosen to evaluate the effectiveness of the proposed control strategy. In the first case study, a step-
changing load is utilized with abrupt variations of power load, which can describe the different
working conditions. For the second case study, a specific driving cycle is used under operating
circumstances such as acceleration, deceleration, and regenerative energy in practical applications.
The component characteristics of PEMFC, BAT, and SC were chosen from commercially available
devices which could satisfy the load power demand and verify the proposed approach as listed in
Tables 3.4 — 3.7. In addition, appropriate cut-off frequencies were also determined such that they
could produce the smooth reference current for the FC and BAT converters.

Table 3.4 Specifications of PEMFC Horizon (H-200)

Parameter Symbol Value
Number of cells N 40
Voltage range Ve 20-37 (V)
Rated power P 200 (W)
Maximum current I 8.3 (A)
Maximum operating point Umax, Imax 24V - 8.3A
Hydrogen pressure Prel 0.45 —0.55 (bar)
Nominal air pressure P. 2 (bar)
Air flow rate \' 2.6 (Ipm)
Hydrogen fuel flow rate Vi 6.452 (Ipm)
Operating temperature T 318 (°K)
Response time T, 7 (s)
Faraday constant F 96485 (A s/mol)
Ideal gas constant R 8.3145 (J/(mol °K))
Percentage of hydrogen in the fuel X 99.95 (%)
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Percentage of oxygen in the oxidant v 50 (%)
Boltzmann’s constant k 1.38x10% (J/°K)
Charge transfer coefficient a 1.2518

Planck’s constant h 6.626 <10 (J S)
Internal resistance R, 1.0375 (©2)
Number of moving electrons, z 2

Cooling Air

Table 3.5 SC bank parameters of DLCAP

Parameter Symbol Value
Number of cells in series N, 9
Number of cells in parallel N, 1
Internal resistance Ry 2.8 (mQ)
Helmholtz capacitance CH 18 (uF/cm?)
Operating temperature T 298 (°K)
Number of layers of electrodes N, 1
Molecular radius d 10° (m)
Cell electric charge Q. 9(C)
Molar concentration ¢ 208 (mol/m™)
Permittivity of material & 6.0208x107*° (F/m)
Permittivity of free space & 8.85x107*2 (F/m)
Rated voltage Voo 243 (V)
Capacitance 50 (F)

Table 3.6 BAT parameters of Panasonic NCR18650BF

Parameter Symbol Value
Capacity 0 13 (Ah)
Rated voltage sc 21.6 (V)
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BAT constant voltage E, 23.4222 (V)
Internal resistance R« 16.875 (mQ)
Polarization constant K 0.012642 (V/Ah)
Exponential voltage A 1.8139 (V)
Exponential capacity B 4.7705 (Ah™)
Number of series cells 6

Number of parallel cells 4

Table 3.7 EMS and controller parameters

Parameter Value Parameter Value
soci 0.5 7, 0.01
SOCg 0.9 9, 0.085
socg" 0.5 K, e 0.0104
SOCL" 0.9 Ki ke 23.3103
f, 5 (Hz) K, gar 0.0153
f, 32 (Hz) Ki gar 110.1810
Vi 40 (V) Ko v 6.1436
71 0.007 Ki y 482.52
0, 0.05 K, s 0.0257

Ki_sc 307.3101

3.5.1 Case Study 1: Step-Changing Load

The system performance and effectiveness of EMSs are described in Figures 3.11 —3.16. It is
noteworthy that for this investigated scenario, all devices’ signals for processing, i.e., voltage and
current, were measured on the low-voltage side of the DC/DC converters. First of all, Figure 3.11
presents load power adaptation in the HPS based on three EMSs, with a continuous black line
representing the reference power of the load, a dashed-dot blue line indicating the power of the
deterministic rule without using the frequency decoupling method (without FD), a dashed-dot green
line showing the load power adaptation without compensator design consideration (without CD),

and a dashed-dot red line displaying the load power adaptation of the proposed deterministic-
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frequency decoupling EMS (proposed DFD-EMS), which takes into account the deterministic-

frequency decoupling method and compensator design for voltage and current control loops.
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Figure 3.11 The comparison of load power adaptation based on three EMSs. (a) The load

power adaptation. (b) The power tracking error.

As shown in Figure 3.11 (a), the proposed strategy achieves a better power adaptation to the

load power demand than strategies without FD and without CD under different working conditions.

When the load power is abruptly changed at the time of the 10, 30™, 50%, 70, 90 and 110", the

without FD strategy can not satisfy the fast transient state of power load causing the overshoot power,

while the released power of the proposed-EMS shows a good tracking performance to meet the load

requirements. In the case without FD, the HPS operates based on the released power of the PEMFC

and BAT because the high-frequency powers are not decomposed and compensated by SC. Hence,

the system adaptation has more fluctuation in the transient state of abrupt load change. In the case

without CD, because the dynamics characteristics are not considered comprehensively, the trial-error

method is used to tune the parameters of voltage and current control loops. As a result, the dynamics
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response of controllers is not stable to ensure load power adaptation and system performance. Due
to using the FD technique regarding each device's characteristics and consideration of low-level
control design, the power command is appropriately distributed from the requirement into each
component. In addition, the power tracking error of three EMSs was presented in Figure 3.11 (b).
The proposed EMS gets the optimum distributed accuracy with the error in the range of (-2 — 4) W,
while the without CD strategy has an inadequate power approximated (—5 — 10) W, and the without
FD strategy takes the inaccuracy power up to (—10 — 12) W. The obtained results show that the
proposed EMS has the best power adaptation with the smallest power fluctuations.
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Figure 3.12 The power distribution of energy sources. (a) PEMFC. (b) BAT. (c) SC.
Next, the power distributions of the PEMFC, BAT, and SC in the hybrid system are shown in
Figure 3.12. Due to a primary power source, the PEMFC supplies the majority of the load power
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demand and has a power distribution higher than the BAT and SC. For the proposed and without CD
strategies, SC bank not only supplied the peak power when the load changed abruptly at the moment
of transient peak power but also delivered the fast response of required power and minimizes the
fluctuating power on PEMFC and BAT. Conversely, PEMFC provided a base portion of the load
power without satisfying the required power in the transient state. In addition, BAT supported the
PEMEFC to provide power in a steady state to reduce the PEMFC’s power fluctuation. Although the
PEMFC, with the lowest dynamics, could not instantly react to the load change, the load tracking
effort could still be ensured due to the power compensation from the BAT and SC at each time of
transient peak power. Meanwhile, in the case without FD strategy, the BAT will provide more energy
to compensate for the PEMFC system, resulting in more fluctuation in the dynamics response of the

BAT when the load changes abruptly.
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Figure 3.13 The DC bus voltage regulation. (a) Voltage tracking. (b) Tracking error.

The comparison of DC bus voltage regulation of three EMSs under different working load
conditions is shown in Figure 3.13. Because the PEMFC, the SC bank, and the BAT were connected

in parallel to the DC bus, the output voltage of these sources was the same as the DC bus voltage.
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By using the proposed strategy, the DC bus voltage is steadily maintained at around 40 V with a very
small fluctuation, despite the abrupt change of the load. In particular, the peak voltage of the DC bus
by using the proposed EMS is in the range of (39.6 — 40.3) V, which was approximated by a 1.75 %
voltage ripple. Conversely, the DC bus voltages fluctuate in the range of (38.4 — 41) V and (34.2
— 44) V corresponding to 6.5 % and 24.5 % ripples for the cases without CD and without FD,

respectively.
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Figure 3.14 The SOC status. (a) BAT SOC. (b) SC SOC.

The SOC levels of both BAT and SC are performed in Figure 3.14, which describes the charged
and discharged status at each timeline when the load changes. As shown in Figure 3.14 (a), the
proposed EMS can hold the SOC BAT level better than the without FD and without CD. The
proposed approach could maintain the fluctuation of BAT SOC level in the range of (69.7 — 70) %.
However, for the SC, the proposed EMS shows faster SOC degradation than the without CD because
the PEMFC works at an appropriate adaptive power rate for improving efficiency and reducing fuel
consumption. SC is used to compensate for high-frequency power in the transient state. The without
CD strategy has a SOC varying range within (74.93 — 75) % which is stable and lower than the
proposed EMS with the range of (74.82 — 75) %, In addition, because the SC does not operate in
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the case without FD, the SOC status is zero.
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Figure 3.15 The comparison of PEMFC stack efficiency. (a) Efficiency status. (b) Average

efficiency.

The PEMFC stack efficiency is investigated to evaluate the effectiveness of three EMSs as
depicted in Figure 3.15. The efficiency status corresponding to levels of PEMFC power is depicted
in Figure 3.15 (a). In addition, the average efficiency of the PEMFC stack is presented in Figure 3.15
(b). It can be seen that the PEMFC stack achieves the highest average efficiency at 48.1043 (%) by
using the proposed DFD-EMS while the without CD strategy has an average efficiency of 47.9513
(%) and the without FD strategy is the lowest efficiency of 46.8046 (%).
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Fig 3.16 The comparison of hydrogen (H2) consumption. (a) H2 consumption status. (b) Total

H2 consumption.

Finally, Figure 3.16 illustrates the fuel consumption of three EMSs. As a result, the proposed
EMS consumes less hydrogen fuel than the without CD and without FD strategies based on the
amount of fuel consumption. The without FD and without CD strategies consume high hydrogen
fuel with 0.3002 (g) and 0.2998 (g) in comparable operating conditions, respectively. In contrast,
in the case of the proposed approach, hydrogen consumption is 0.2995 (g). With hydrogen
consuming less than compared to other ways, it demonstrates that the proposed strategy delivers

superior fuel efficiency.

3.5.2 Case Study 2: Specific Driving Cycle

The system qualification in the case of the specific driving cycle, which is inherited from
section 2.2.5, is described in Figures 3.17 —3.22. Parameters for simulation are presented from Table
3.4 to Table 3.7. Here in this simulation, examined specific driving cycle is shown in Figure 3.17,
along with the workability of load satisfaction under three control strategies in which the black line
is the required load power, the load satisfaction under the without FD, without CD, and proposed
DFD-EMS are presented by the dashed-dot blue line, dashed-dot green line, and dashed-dot red line,
respectively. The behaviors of PEMFC, BAT, and SC devices are displayed in Figure 3.18. The DC
bus regulation is depicted in Figure 3.19. The SOC status of BAT and SC are described in Figure
3.20. In addition, the PEMFC stack efficiency and hydrogen fuel consumption are depicted in Figure
3.21 and Figure 3.22, respectively. Generally, the use of the BAT could help maintain the DC bus

voltage to meet the desired one at 40 V.
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Figure 3.17 The comparison of load power adaptation based on three EMSs. (a) The load
power adaptation. (b) The power tracking error.

Firstly, the load power adaptation of three EMSs is presented in Figure 3.17. In general, all
three algorithms could satisfy the load requirement as shown in Figure 3.17 (a). However, Figure
3.17 (b) will describe detailed the power tracking error. The without CD strategy takes an insufficient
power in the range of (—5.5 — 2.5) W, while the without FD strategy obtains a smaller error
approximated (—5.6 — 1.8) W, and the proposed DFD-EMS achieves the highest distributed
accuracy within (—2 — 0.6) W. This result reveals that the suggested methodology is able to

guarantee the load power demand under different operating conditions.
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Figure 3.18 The power distribution of energy sources. (a) PEMFC. (b) BAT. (c) SC.

Next, the power distributions of the PEMFC, BAT, and SC in the hybrid system are shown in
Figure 3.18. As expressed in Figure 3.18 (a), the PEMFC powers of the without FD and without CD
strategies have a high power level that can diminish the aging and performance of the PEMFC
system. Meanwhile, the proposed DFD-EMS provides a better performance indicator with a suitable
change rate of PEMFC power and smaller power fluctuation, which can improve the fuel economy
and durability of the PEMFC system. The power capability of the BAT under three EMSs is depicted
in Figure 3.18 (b). It can be seen that the BAT power of the without FD strategy is higher than others
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during the period of acceleration. This is because the SC does not work when using the without FD
strategy, thus the BAT power must be more discharged to compensate for the lacking power from
the fuel cell source to match the load power demand. However, in the regenerative mode, the
proposed strategy can provide a smooth power response to charge the redundant power from the DC
bus to the BAT. The comparative result of the SC power distribution is illustrated in Figure 3.18 (c).
Due to the fast power response, the SC is employed to supplement the slow power response of the
PEMFC and BAT to power the load. As a result, the proposed algorithm regulates the SC power in
a suitable range that can accommodate the abrupt power of load and reduce power fluctuation of the

PEMFC and BAT despite the rapid load change.
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Figure 3.19 The DC bus voltage regulation. (a) Voltage tracking. (b) Tracking error.

Figure 3.19 shows the DC bus voltage regulation of three EMSs under different working load
conditions. By using the proposed DFD-EMS, the DC bus voltage is steadily maintained at around
40 V with a smaller fluctuation than using the two other strategies. In the change interval of the load,
the DC bus peak voltage is in the range of (39.75 — 40.42) V, approximated by a 1.68 % voltage
ripple, by using the proposed strategy. This result is better than the ones under the without CD with
the range of (39.5 — 41) V and the without FD with the range of (38.7 — 42.3) V corresponding to
3.75% and 9% voltage ripple.
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Figure 3.20 The SOC status. (a) BAT SOC. (b) SC SOC.

The SOC levels of both BAT and SC bank are performed in Figure 3.20, which describe the

charged and discharged status at each timeline when the load changes. In Figure 3.20 (a), for the

BAT SOC, the suggested DFD-EMS and the without CD strategy can maintain the fluctuated range
of (69.95 — 70) % lower than the without FD strategy. For the SC, Figure 3.20 (b) shows that the
SOC level of the proposed EMS and the without CD strategy varies from (74.9 — 76.2) %.
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Figure 3.21 The comparison of PEMFC stack efficiency. (a) Efficiency status. (b) Average
stack efficiency.

The comparative simulation results of the PEMFC stack efficiency are illustrated in Figure
3.21. As aresult, the PEMFC stack achieves an average efficiency of 48.3026 % by conducting with
the proposed strategy, while this efficiency is 48.1049 % and 47.1067 % if using the without CD and

the without FD strategies, respectively.
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Figure 3.22 The comparison of H2 consumption. (a) H2 consumption status. (b) Total H2
consumption.
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Furthermore, with the same driving cycle, the fuel consumption of three EMSs is evaluated as
well in Figure 3.22. In the case of the proposed strategy, the total amount of hydrogen consumption
1s 0.2609 g during the time of the driving cycle, whereas the total fuel consumption of the without
CD and the without FD strategies reaches 0.2693 g and 0.2811 g in the same working conditions,
respectively. It proves that the proposed approach gives better fuel economy with hydrogen
consuming less than 7.18 % in comparison with other approaches. The aforementioned results show
that the proposed DFD-EMS is a better effective strategy than other strategies for saving fuel

consumption and enhancing efficiency for the PEMFC stack.

3.6 Experimental Results
In this section, an HPS test bench is implemented with three power sources (PEMFC/BAT/SC),
a unidirectional DC/DC converter, two bidirectional DC/DC converters, a controller board, a DC

load simulator, a power supply, measurement device, and PC monitor as shown in Figure 3.21.

PEMFC System Battery Supercapacitor

DC load

v T [ | conve rter

® . st ® = 2
' S U 5 i N BallW”, Controller §

Figure 3.21 The hybrid power system test bench.

The used test bench is designed with PEMFC, as a primary power source, integrated with BAT
and SC bank, as an auxiliary power system, to compensate for the PEMFC dynamics. The parameters
and characteristics of PEMFC, BAT, and SC are shown in Tables 3.4 — 3.7. Besides, the DC/DC
converter for the PEMFC is unidirectional with a boost mode topology, whereas the BAT and SC
converters are bidirectional with buck/boost topology. Three DC/DC converters are connected in

parallel and the output voltage side is integrated into the DC bus. These converters are composed of
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a high-frequency inductor (L = 140 uH), capacitors on two sides of the converter (C; = C2 =3.2 mF),
a resistor (R = 0.05 Q), a diode (D), and MOSFET switches (S, Si, S2). The control loops of three
DC/DC converters are executed in real-time by using the DSP TMS320F28379D controller board
and Matlab/Simulink. The switching frequency is generated to drive the MOSFET switching gates
of each converter using a PWM control signal at 20 kHz. The measured values of DC bus voltage,
voltage, and current of the PEMFC, BATs, and SC bank were acquired by the LEM transducer
sensors with the Hall effect. A controllable DC load simulator is used to set up the step-changing
load scenario. The characteristics of this DC load simulator are described in Table 3.8.

Table 3.8 DC load simulator characteristics

Parameter Value
Voltage range 0-150(V)
Current range 0-60(A)
Maximum power 350 (W)
Constant current range 2/6/60 (A)
Constant voltage range 16/80/150 (V)
Constant power range 7/35/350 (W)
Constant resistance range 0.05-250 (©®)

The experiment is carried out to increase the persuasion of the proposed EMS. The experiment
is conducted using the step-changing load profile. The experimental result of load power adaptation,

power distribution, and DC bus voltage is presented from Figure 3.22 to Figure 3.24.
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Figure 3.22 The load power adaptation of three EMSs. (a) The tracking performance. (b) The

power tracking error.

Firstly, the load power adaptation of three EMSs with the same initial conditions is compared
in Figure 3.22(a). It can be seen that the proposed strategy shows a good working performance with
the closely same response of load demand satisfaction. As a result, the experiment’s power of the
proposed DFD-EMS has the smallest ripple approximated +0.5 W and the peak power tracking
error in the range of (-3.5 — 4.5) W in comparison to the required load power, while the power
tracking error of strategies without FD and without CD is in a range of (-4 — 7.5) W and (-8 — 12)
W, respectively, as described in Figure 3.22 (b).
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Figure 3.23 The power distribution of PEMFC, BAT, and SC by using the proposed EMS.

Based on the good tracking performance of the proposed strategy, the power distribution of
three energy sources is shown in Figure 3.23. It can be observed that the PEMFC supplied energy as
a primary power source and increases slowly until reaching the required power of the load. The

lacking power was provided by the BAT in the steady-state and the SC in the transient state. In order
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to reduce the power fluctuation of the PEMFC, the BAT provided supplemental power to the PEMFC
with a faster power response than the PEMFC’s power response. Meanwhile, the SC bank delivered
the highest power response to deal with the peak power demand of load at the transient states, which
also compensated for the total insufficient power of PEMFC and BAT to meet the requirement of

load at a slow rate.
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Figure 3.24 The comparison results of DC bus voltage by using three EMSs. (a) Voltage

tracking. (b) Tracking error.

The comparison of DC bus voltage by using three EMSs is described in Figure 3.24. It is easily
observed that the experimental DC bus voltage of the proposed strategy is steadily maintained at
around the desirable value (40 V) with a small voltage ripple and the overshoot voltage in a range of
(39.3 — 40.7) V, approximated by 3.5 %. This result shows the effectiveness of the proposed
adaptive DC bus voltage controller that could maintain the stable bus voltage despite the load power

variation.
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3.7 Conclusion

In this chapter, a comprehensive EMS is proposed with high- and low-level control to
guarantee the load power adaptation, determine the power-sharing between energy sources, and
regulate the stable DC bus voltage. In high-level control, the combination of deterministic rules and
the FD method is used to control the power-sharing of energy sources. According to the different
characteristics of energy sources, the FD decomposes the load power demand into three frequency
power ranges which involved the PEMFC, BAT, and SC behaviors. In addition, the low-level control
is designed to maintain the stability of DC bus voltage based on the analysis of the dynamics
response of converters through the Bode diagram to guarantee the operation modes of converters.
Finally, the simulation and experiment on the real hybrid power system test bench are implemented
to evaluate the effectiveness of the proposed strategy. The obtained simulation results with the
step-changing load reveal that the proposed strategy achieves the DC bus voltage with 1.75%
ripple, 48.1043% of PEMFC stack efficiency, and 0.2995 (g) hydrogen consumption, while the
specific driving cycle has a DC bus voltage ripple of 1.98 %, PEMFC stack efficiency, and
hydrogen consumption get 48.3026 % and 0.2609 (g) respectively. For the experiment
performance, the proposed strategy maintains the DC bus voltage ripple at 3.5 % in the case of a
step-changing load.

Simulation and experimental results are summarized as follows:

Step-changing load Specific driving cycle Experiments
without FD | without CD| Proposed |without FD [without CD | Proposed |without FD |without CD | Proposed
Power RMSE 0.628 0.341 0.176 0.163 0.158 0.107 0.749 0.629 0.484
erzizlimg Me 12.768 7.279 3.955 5.833 5.58 2.029 11.586 7.879 4.706
SD 0.63 0.342 0.176 0.162 0.157 0.106 0.748 0.628 0.484
DCbus voltage ripple (%) 24.5 6.5 1.75 9 3.75 1.68 253 6.92 3.5

FC stack efficiency (%) 46.8046 47.9513 48.1043 47.1067 48.1049 48.3026

H2 consumption (g) 0.3002 0.2998 0.2995 0.2811 0.2693 0.2609
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Chapter 4

FUZZY LOGIC-BASED EMS

In this chapter, a control strategy in high-level control based on fuzzy logic rules (FLRs) and
a frequency decoupling (FD) approach is proposed to improve model uncertainty and complex
decisions of deterministic rules. Firstly, FLRs are designed to determine an appropriate reference
PEMFC power to supply traction load by using the BAT SOC and load power demand. Secondly,
the combination of FLRs and FD method is mainly utilized to ensure the proper power distribution
of each energy source based on their dynamic characteristics and operating frequency ranges. Next,
current and voltage control loops are designed to provide the appropriate gains for compensators
that can maintain a stable voltage on the DC bus. Finally, simulation and experiment are conducted
in two case studies of step-changing load and specific driving cycle load to validate and compare
the effectiveness of the proposed strategy compared to the deterministic rules. Obtained results
present that the proposed EMS achieves the highest distributed power accuracy while reducing the

DC bus voltage ripple under various load working conditions in comparison to the other approach.

4.1 Introduction

In order to deal with model uncertainty and complex decisions, FLRs have been applied in
several studies for HPS’s control strategies and energy management to determine the power
distribution between the primary source and the ESS while guaranteeing the system operated in a
high-efficiency or fuel economy mode. In [8], Fagundes et al. proposed a fuzzy controller for
energy management in the hybrid system of fuel cells and energy storage units. This approach was
suitable for compensating/absorbing power during load transients, minimizing fuel cell stack
damages, and balancing the SOC status of ESS through the charging/discharging process. For
FCEV, in [62, 69], FLRs and flatness control were combined to split the energy flow between
three electrical sources. This strategy gained high efficiency in power-sharing from energy sources
to satisfy the load power demand in different operating modes. To protect BAT from overcharging,
a real-time fuzzy logic was described by Hemi et al. in [70] for three configurations of FCEV. The
simulation results confirmed that the proposed strategy could satisfy the load power demand with
the unknown driving cycles and achieve power distribution among energy sources. In [33, 34],
fuzzy-based EMSs were exploited for integrated PEMFC-BATSs-SCs to improve the hybrid vehicle

behaviors, enhance system efficiency, and prolong the component lifespan. For the fuel cell
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excavator system, Truong et al. [60] used the fuzzy-based EMS to maintain the load power demand,
minimize fuel economy and ensure the SOC of ESS. Using the same object, Dao et al. [61]
introduced a combination of fuzzy-based EMS and optimal techniques to update the fuzzy
membership functions (MFs) to save fuel consumption while improving system performance.
Besides, depending on the different characteristics of power sources, the frequency decomposition
techniques were applied to regulate the dynamic response, improve the power-sharing accuracy,
and extend the lifetime of devices. Based on the Ragone diagram, LPFs were used in [71] to
decompose the frequency ranges allowed by each power source, and improve the power
performance of HPS while reducing stress and power fluctuation on the PEMFC and ESS. To
achieve the optimum distribution of energy between the sources, Snoussi et al. [31] proposed an
adaptive filtering-based EMS for minimizing hydrogen consumption and maintaining the
constraints of each device such as permissible limitation of storage system capacities and battery
current variation. According to the presented studies, the fuzzy logic technique and frequency
decomposition approach performed well for power distribution between the PEMFC and ESS in
the hybrid system. In [59, 72], an EMS with the combination of FLRs and frequency decoupling
method using FPFs was proposed for HPS to achieve the appropriate power distribution and
maintain a stable DC output voltage. However, the controllers of DC-DC converters in HPS are
designed by the trial and error method without investigating the dynamic characteristics of these
converters. As a result, it is difficult to identify suitable compensator gains. This can result in a
shortage of supplied power for the load, especially if the required power varies abruptly. Therefore,
the development of EMS considering the design of controller gains for DC-DC converters is
required to achieve overall system qualification and improve the stable DC bus voltage delivered

to the load under different working conditions.

4.2 Proposed Fuzzy Logic Rules-Based EMS

In this work, the proposed control strategy is designed to determine the power distribution
of three electrical sources based on the load power demand and SOC of ESS. Additionally, the
control scheme of DC bus voltage regulation is considered to guarantee stable voltage during
power fluctuation and track the speed limitation of the power converter. The block diagram of the
proposed control strategy is described in Figure 4.1.

In this hybrid system, the PEMFC is utilized as a primary source that not only supplies power
for the traction load but also ensures the SOC level of the BAT within the desired range. As a

result, the load power demand (R,,,) and the BAT SOC (SOC,,;) are taken as two inputs for the

oad

FLRs [72] to generate the reference PEMFC power (P:.). This power is passed to the low-pass
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filter (LPF-1) to decompose into low- and high-frequency powers. Then, the reference PEMFC

ref

power (P:. ) is obtained as the low-frequency power of the PEMFC that is used to calculate the
energy storage system power (P.). Next, the low-pass filter (LPF-2) is used to decompose the
P.i; into low and high-frequency powers, which are defined as the BAT s reference power (Pisr)

and reference supercapacitor power (P ) . In addition, the BAT is used to keep the DC bus voltage

ref

at the reference value through the voltage control loop. The reference (V. ) and measured DC

bus voltage (Vpc) are compared with each other, and the difference voltage then is provided to the
PI controller (PI-2 control) to produce the DC bus current. Due to the fast dynamic response, the
SC will take care of the uncompensated power of the PEMFC and BAT. Thus, the SC reference
power consists of high-frequency elements of the PEMFC and BAT power.

| 1 |
1 SOC | ]
i —5 Fuzzy logic | Pre LPE-1 P 1! - IR | i1 lpwm|  Boost i
PR | rules i Vee ] ‘\if AN conirol » DC/DC ]
i | : 0 converter | !
I |

i i i lec }
! 1 :
] I |
i I Vear & BAT | ref Bidirectional | |
| P, pr I % SoC ey PIs P booe |
1 =5 LPF-2 EE > regulator control l
| 4 v | min converter | !
| V& o e |
1 |V, | control SOCpr Vear ;
| = (PI-2) 1
‘ ! |
{ I |
i ! | cmd i pwm | Bidirectional |
X sC - |

i i | - sc SOC Pl1-4 DC/DC |
‘ i % regulator control |
‘ i converter ]

: | Tsoc |
High-level control ! s s Low-level control
1|

Figure 4.1 Proposed energy control strategy.

4.3 High-Level Control Design
In this strategy, the FLRs are inherited from our previous papers in [59, 72] to calculate the
reference power of the PEMFC based on the load power demand and SOC level of BAT. These

rules have two input variables (R, SOC,,;) and one output variable (P-.) . Seven membership

oad’

functions (MFs) are used to characterize the input variable B_,

¢ Including NH (Negative High),
NM (Negative Medium), NL (Negative Low), Z (Zero), PL (Positive Low), PM (Positive Medium),

PH (Positive High) within the range of (-1,1). For the input variable SOC_,, five MFs divided

BAT

into VL (Very Low), L (Low), M (Medium), H (high), and VH (Very High) with the scope as (0.4,
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P

rc Is characterized by five MFs: Min (Minimum), ML (Medium-Low), M

0.9). The output
(Medium), MH (Medium-High), and Max (Maximum). The inhomogeneous MFs of the inputs

and output are depicted in Figure 4.2 and the fuzzy rules are described in Table 4.1.
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Figure 4.2 Inputs and output membership functions of the FLRs. (a) Input variable Pjoad. (b)

Input variable SOC,,; . (c) Output variable P .
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Table 4.1 Fuzzy rules for the inputs and output membership functions [18].

P Pioad
NH NM NL z PL PM PH
VL Min Min ML M M MH Max
_ L Min Min Min ML ML M MH
<
o) Min Min Min Min ML M MH
8 H Min Min Min Min Min M MH
VH Min Min Min Min Min ML M

The suggested fuzzy rules distribute the needed power to the PEMFC source in order to not
only supply the workload requirement but also maintain the SOC supplement of the BAT. For
instance, during the charging process, if the BAT SOC is high level, the injected power is lower,
and vice versa. Meanwhile, during the discharging process, if the BAT SOC is at a high level, the
BAT will release more output power and vice versa.

Furthermore, low-pass filters are applied to decompose the demand power that corresponds
to the operating ranges and power changing rate of the PEMFC, BAT, and SC, using the Rangone
diagram theory [30] and the dynamic features of energy sources. This approach is advantageous
for experimental applications because of its rapid computation time and simple design. For the
PEMFC, the low-frequency or reference power is derived from the required PEMFC power as

follows:
pFrgf =G,(S)P- 4.1)
2 f
G (s)=—%—
1) 2t +5 (42)

where P;gf is the reference PEMFC power (W), P is the required PEMFC power (W), G,(s) is

the function of the low pass filter (LPF-1), and f, is the cut-off frequency to define the reference

PEMFC power (Hz).

Based on the PEMFC reference power, the ESS power is determined as given

PESS =R

f
vt ~ Pre (4.3)
where P is the energy storage system power (W), B,,, is load power demand (W).

For the BAT, the reference BAT power is obtained by using the low-pass filter 2 to separate
the low- and high-frequency BAT power. This power can be defined as follows:

63



PBrAQ\fT = Gz (S)'PESS (4.4)

G,(5) = 2t

27ty +s (4.5)

where G, (S) is the transfer function of LPF-2, f_, is the cut-off frequency of the reference BAT
power (Hz).

The reference SC power is defined based on the high-frequency powers of PEMFC and BAT
because the fast dynamic response of SC can be used to compensate for the abrupt load fluctuation

that cannot adapt by PEMFC and BAT.
f f
Psré =P — PBrZT (4.6)
The reference powers of PEMFC, BAT, and SC are used to determine the reference currents

of these power sources, which are compared with measured currents to generate input signals for

control loops of converters.

4.4 Low-Level Control Design

Similar to chapter 3, compensators of voltage and current control loops are analyzed and
designed to guarantee the adaptation of DC/DC converters for required power of energy sources
and DC bus voltage regulation. The detailed procedure of the four PI controllers designed in low-
level control can be referred to in section 3.4.

The reference PEMFC current can be given by

ref
— PFC

| ref
FC —
V

(4.7)

FC
where 17 is the reference PEMFC current (A), V. is the measured PEMFC voltage (V).

The reference BAT current can be obtained as the output of the SOC regulator block as

follows:
o |19 if SOC,,; <SOC
o =< 15 if  SOCHY <SOC,,, <SOCI™ (4.8)
Bl if SOC,,; > SOCI™

where |;IT is the reference current of the BAT (A), |é2$ is the required BAT current (A), SOC,;

is the BAT status (%), SOCJi and SOCJ are the minimum and maximum allowable SOC level

of the BAT (%), o, and f, are the tuning parameters that can be referred in Chapter 3.

The same as BAT, the reference current for the SC can be considered as follows:
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a, 17| if SOC,. < Socmn
I =J 1 if SOCT" < SOC,. < SOCT™ (4.9)
Bl if SOC,. > SOCI™

where 138 is the reference current of the SC (A), IS0 is the required SC current (A), SOCy. is the
SC status (%), SOCE" and SOCH™ are the minimum and maximum allowable SC SOC (%),

respectively; a, and f, are the tuning parameters that can be referred in Chapter 3.

4.5 Simulation Results

In this section, simulation results are conducted with two types of load profiles: step-
changing load and specific driving cycle load as presented in Figure 2.8. The proposed fuzzy
strategy (proposed fuzzy-EMS) is compared with the deterministic-frequency decoupling method
(DFD-EMS) in Chapter 3 to demonstrate the system performance during the fluctuation of load
power demand. In addition, the modeling of the HPS is carried out in MATLAB/Simulink
environment, with a sampling time of 0.05 ms set up for displaying simulation results.
Specifications of energy sources and parameters of the proposed EMS are referred to in Tables 3.4
— 3.7 of section 3.5.

4.5.1 Case Study 1: Step-Changing Load

The hybrid system performance and control strategy effectiveness are described from Figure
4.3 to Figure 4.8 in which a continuous black line represents the reference power of the load, a
dashed-dot blue line indicates the power of the DFD-EMS, and a dashed-dot red line displays the
output power of the proposed fuzzy-EMS.

T T T T
Reference power
200 ! T LT | m——— DFD-EMS
----- Proposed Fuzzy-EMS
150 |- -
3
o]
2100 - -
o
[
50 - -
0 | | | | |
0 20 40 60 80 100 120
Time (s)
(a)

65



4 R R R [ DFD-EMS
| L | me—— Proposed fuzzy-EMS
\ \
Y] O A T I [ I i
§ \ 1 | \
< \ L | \
5 0 L | | | l
g \ | \ r
~ \ | \
\ | |
2 \ \ [ ]
i | I i |
0 20 40 60 80 100
Time (s)
(b)

Figure 4.3 The comparison of power adaptation of two EMSs. (a) The adaptation of load

power. (b) The tracking error power.

First of all, Figure 4.3 depicts the adaptation of load power using two EMSs. As shown in
Figure 4.3 (a), the total power supplied by the HPS could completely fulfill the load requirement,
even when an abrupt change occurred. However, the power tracking error in Figure 4.3 (b)
presented that the released power of the proposed strategy adapts the load requirements better than
the DFD-EMS at the moment of transient peak power of the 10", 30", 90" and 110". This

demonstrates that the proposed approach can absolutely assure the load power demand during

different operational situations.
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Figure 4.4 The power distribution from energy sources. (a) PEMFC. (b)BAT. (c) SC.

Next, the power distributions of the PEMFC, BAT, and SC in the hybrid system are shown
in Figure 4.4. It can be seen that the EPMFC power distribution is more flexible corresponding to
the load power variation by using the proposed fuzzy-EMS than the power distribution of DFD-
EMS as shown in Figure 4.4 (a). This will help PEMFC system optimal working performance,
improve efficiency, and save fuel economy. Meanwhile, BAT by using the proposed strategy
provides more energy to support the PEMFC in a steady state to reduce the PEMFC’s power
fluctuation as presented in Figure 4.4 (b). In addition, SC is used to compensate for the peak power
when the load changes abruptly at the moment of transient peak power and delivered the fast
response of required power, and minimizes the fluctuating power on PEMFC and BAT. The power
compensation from the BAT and SC maintains the load-tracking performance at each moment of
transient peak power even if the PEMFC, with the lowest dynamics, can not react to the change in

load right away.
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Figure 4.5 The comparison of the DC bus voltage. (a) Voltage tracking. (b) Voltage tracking
error.

The comparison of DC bus voltage by using two EMSs is depicted in Figure 4.5. The
proposed fuzzy-EMS and DFD-EMS maintain the DC bus voltage stably at around 40 V with
small fluctuation. In particular, two strategies produce a DC bus peak voltage in the range of
(39.6 — 40.3) V, which is approximated by a 1.75 % voltage ripple during the step-change
interval of the load. However, in several transient points of 10", 30", 90™", and 110", the voltage
tracking error of DFD-EMS is higher than the proposed strategy. This result illustrated that the
time response of the proposed strategy is better than the ones by using the DFD-EMS.
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Figure 4.6 The SOC comparison. (a) BAT SOC. (b) SC SOC.
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Fig 4.6 depicts the simulation results for both BAT and SC SOC, which characterize the
charge and discharge state at each timeline when the load changes. As shown in Figure 4.6 (a), the
proposed EMS can hold the SOC BAT level better than the DFD-EMS in the first 20 seconds of
low load power demand. However, the proposed strategy shows faster SOC degradation than
DFD-EMS after 20 seconds under high load power consumption. In contrast, for the SC, the

proposed strategy and DFD-EMS achieve a stable SOC varying range with ASOC =0.2 % as
presented in Figure 4.6 (b).
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Figure 4.7 The PEMFC stack efficiency. (a) Efficiency status. (b) Average efficiency.

The comparative efficiency of the PEMFC stack is described in Figure 4.7. The efficiency
status corresponding to levels of PEMFC power is depicted in Figure 4.7 (a). In addition, the average
efficiency of the PEMFC stack is presented in Figure 4.7 (b). It can be seen that the PEMFC stack
improves the average efficiency reached 49.0103 (%) by using the proposed strategy-EMS while the
DFD-EMS has an average efficiency of 48.1043 (%).
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Figure 4.8 The comparison of fuel consumption. (a) H2 consumption status. (b) Total H2

consumption.

Figure 4.8 illustrates the comparison of hydrogen consumption by using two EMSs. As a
result, the proposed EMS reduces hydrogen fuel consumption more than using the DFD-EMS. The
total hydrogen fuel consumed by the proposed strategy is 0.289 (g), which is less than the DFD-
EMS with 0.2995 (g). Because hydrogen consumes less energy than other methods, the proposed

strategy saves fuel economy.

4.5.2 Case Study 2: Specific Driving Cycle

The effectiveness of two EMSs is verified by using the specific driving cycle as described in
Figures 4.9 — 4.12. Parameters for simulation are inherited from section 3.5. These figures illustrate
the workability of load satisfaction under two control strategies in which the black line is the required
load power, and the load satisfaction under the DFD-EMS and the proposed fuzzy-EMS are
presented by the dashed-dot blue line and dashed-dot red line, respectively. The behaviors of
electrical devices, the DC bus voltage regulation, and the SOC status of BAT and SC are described
in Figures 4.10, 4.11, and 4.12, respectively. Then, the PEMFC stack efficiency and hydrogen fuel
consumption are depicted in Figure 3.21 and Figure 3.22, respectively.
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Figure 4.9 The comparison of load power adaptation based on three EMSs. (a) The load power

adaptation. (b) The power tracking error.

The comparison of load power performance is presented in Figure 4.9. Firstly, it can be seen
that two strategies can adapt to the load requirement as shown in Figure 4.9 (a). In addition, the
detailed power tracking error is presented in Figure 4.9 (b). This figure shows that the proposed

strategy obtains a better power tracking performance than the DFD-EMS with smaller insufficient

power adaptation.
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Figure 4.10 The power distribution of energy sources. (a) PEMFC. (b) BAT. (c) SC.

The power distributions of the PEMFC, BAT, and SC in the hybrid system are shown in Figure
4.10. It can be seen that the PEMFC power of the proposed fuzzy-EMS has an appropriate power
level and smaller power fluctuation, which can improve the aging and performance of the PEMFC
system. Meanwhile, the DFD-EMS provides a higher amplitude that can influence the PEMFC
system performance. The power capability of the BAT and SC under two EMSs is presented in
Figure 4.10 (b) and (¢), respectively. Due to a lower released PEMFC power, the BAT and SC of the
proposed strategy operate at a higher working power range to support the PEMFC power for adapting
load power demand. As a result, the proposed algorithm can regulate the BAT and SC power in a

suitable amplitude that can accommodate the load power fluctuation.
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Voltage (V)

Figure 4.11 The DC bus voltage regulation. (a) Voltage tracking. (b) Tracking error.

Next, Figure 4.11 presents the DC bus voltage regulation of two EMSs. Generally, the DC bus
voltage is steadily maintained at around 40 V with a small fluctuation. As described in Figure 4.11
(a) and (b), the proposed fuzzy-EMS guarantees the DC bus peak voltage in the range of (39.9 —
40.35) V with the tracking error of 0.45 V, approximated by a 1.13 % voltage ripple. Meanwhile, the
DFD-EMS has a tracking error of 0.67 V, which takes the voltage ripple by 1.68%.

701 ; } N DFD-EMS
- ‘ i - Proposed Fuzzy-EMS
é 70.05 - ‘ ‘ ‘ [ ‘ -
) \ | | S \ \
S 170 -=::§s777+,777_,4—:i'4 7777777 NI A s R P .
n 7 o e - 4 . -
e % L~ =N N !' \ \ ".,’ .......
e L Em N \
= 69.95F N T 4‘:‘—,2“— 77777777 -
‘oo
\ | | |
69.9 i i i | |
0 50 100 150 200 250 300
Time (s)
(a)
71-5 I DFD-EMS ===== Proposed Fuzzy-EMS ‘ ’ ——
77 L I \ e
- ‘ ‘ ~
765 ———— — g ,‘—tffisf.—xfﬂ ffffffffff .
8 76 S S T
@ - P o L N
8 78585+ —— ———— ’ :—,_’,-:,':,,,:?!’,’, ,,,,, # ,,,,, ?c’,,,,r,,,,\,i—’,,,t‘ ,,,,,,,,,, -
B St Ny Nl \ \
75 pemey  miin S o T e .
S i | I | |
0 50 100 150 200 250 300
Time (s)
(b)

Figure 4.12 The SOC status. (a) BAT SOC. (b) SC SOC.

The SOC levels of both BAT and SC are depicted in Figure 4.12. In detail, Figure 4.12 (a)
describes that the BAT SOC of the two strategies can maintain the low fluctuated range of (69.9 —
70.05) %. For the SC, Figure 4.12 (b) shows that the SOC level of the proposed EMS has a higher
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increasing range of (74.95 — 77.3) % than the DFD-EMS varies from (74.9 — 76.2) %.
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Figure 4.13 The comparison of PEMFC stack efficiency of PEMFC stack. (a) Efficiency

status. (b) Average stack efficiency.

The PEMFC stack efficiency of two EMSs is described in Figure 4.13. As a result, the PEMFC

stack of the proposed fuzzy-EMS has a higher average efficiency of 49.287 % than DFD-EMS with
an efficiency of 48.3026 %.
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Figure 4.14 The comparison of hydrogen consumption. (a) H2 consumption status. (b) Total

H2 consumption.

Finally, the hydrogen consumption is evaluated in Figure 4.14. In the case of the proposed
strategy, the total hydrogen consumption is 0.2542 g during the time of the driving cycle, whereas
the total fuel consumption of DFD-EMS is 0.2609 g. It can be seen that the proposed strategy has

reduced the total fuel consumption with hydrogen consuming less than 2.57 % in comparison with

the DFD-EMS.

4.6 Experimental Results

In this section, an HPS test bench, which is presented in section 3.6, is used to verify the

effectiveness of the proposed strategy. The experiment is conducted using the step-changing load

profile. The experimental result is presented in Figures 4.15 — 4.17.
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Figure 4.15 The load power adaptation of three EMSs. (a) The tracking performance. (b) The

power tracking error.

Firstly, the load power adaptation of two EMSs is depicted in Figure 4.15. As shown in
Figure 4.15 (a), the proposed fuzzy-EMS and the DFD-EMS have a good tracking performance
and can adapt to load power demand under different working conditions. However, the power
tracking error of the proposed strategy achieves a smaller tracking error. In detail, he proposed EMS
gets the optimum distributed accuracy with the error in the range of (4 — 2) W and the ripple
around +0.5 W, while the DFD-EMS strategy has an inadequate power approximated (—3.5 — 4.5)
W. The obtained results show that the proposed EMS has the best power adaptation with the smallest

power fluctuations.
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Figure 4.16 The power distribution of PEMFC, BAT, and SC by using the proposed EMS.

The power distribution of three energy sources based on the proposed EMS is shown in Figure
4.16. It can be seen that the PEMFC power distribution has a flexible power that can satisfy the load
power demand by using fuzzy rules. The BAT and SC have a function to compensate for the lacked

PEMFC power during the abrupt load change.
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Figure 4.17 The comparison results of DC bus voltage by using three EMSs.

The comparison of DC bus voltage by using two EMSs is described in Figure 4.17. By using
the proposed strategy, the DC bus voltage is steadily maintained at around 40 V with a small
fluctuation around +0.2 V and the peak overshoot voltage is smaller than the DFD-EMS despite the
abrupt change of the load. In particular, the peak voltage of the DC bus by using the proposed EMS
is in the range of (39.55 — 40.4) V, which was approximated by a 2.125 % voltage ripple. Conversely,
the DC bus voltages fluctuate in the range of (39.3 — 40.7) V corresponding to 3.5 % ripples for the

cases of DFD-EMS.

4.7 Conclusion
This study proposed a new hierarchical approaches-based EMS considering DC bus voltage

regulation to correctly distribute energy from the load power demand to the PEMFC, BAT, and
SC while also maintaining DC bus voltage stability. In detail, the FLRs and FD are used to
determine the reference powers of energy sources based on their dynamic response. In addition,
the controller design approach for DC/DC converters is proposed based on the dynamic

characteristics and response of converters to guarantee the system performance and maintain the
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stability of the DC bus voltage. Simulation and experiment results are employed to evaluate the
effectiveness of the proposed strategy. For the simulation, the proposed technique achieves a
voltage ripple of approximately 1.68 % and 1.13 % under the step-changing load and specific
driving cycle, respectively. Furthermore, the PEMFC stack efficiency and hydrogen consumption
obtain by 49.01903 % and 0.2890 (g) for the step-changing load, and 49.287 % and 0.2542 (g) for
the specific driving cycle, respectively. For the experiment, the proposed strategy achieves better
stability of the DC bus with a 2.125 % voltage ripple.

Simulation and experimental results are summarized as follows:

Step-changing load Specific driving cycle Experiments
DFD-EMS | Fuzzy-EMS DFD-EMS | Fuzzy-EMS DFD-EMS Fuzzy-EMS

Power tracking RMSE 0.176 0.147 0.107 0.103 0.484 0.373
eror Me 3.955 3.8 2.029 2.0854 4.706 3.96

SD 0.176 0.146 0.106 0.102 0.484 0.372
DCbus voltage ripple (%) 1.75 1.75 1.68 1.13 3.5 2.125
FC stack efficiency (%) 48.1043 49.0103 48.3026 49.287
H2 consumption (g) 0.2995 0.289 0.2609 0.2542
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Chapter 5

EXTREMUM SEEKING-BASED OPTIMIZATION FOR
ENERGY MANAGEMENT STRATEGY

In this chapter, a novel real-time optimization-based EMS with a comprehensive structure
of high-level and low-level controls for a hybrid power system. The proposed methodology is
constructed based on an extremum seeking (ES) method, as the core idea, to achieve power
distribution for the hybrid system powered by PEMFC, BAT, and SC. By using three components,
a new equivalent SOC, which corresponds to equivalent energy storage devices ESDs, and a new
adaptive co-state are introduced for ES-based EMS implementation. The ES approach is used to
obtain the reference optimal power of the PEMFC. Comparative simulations are carried out
between the proposed strategy with rule-based EMS, and fuzzy-based EMS in two case studies:
with step-changing load and specific driving cycle load to verify the effectiveness and feasibility
of the proposed methodology in stabilizing ESDs’ SOC. Briefly, the simulations show good results
of the ES-based method with fewer internal dynamics required compared to the other two and

indicate the potential for expanding on other hybrid systems with multiple ESDs, respectively.

5.1 Introduction

From the EMS design point of view, the rule-based EMS (such as state machine,
deterministic method, fuzzy-based EMS) is of real-time control strategy, but it cannot be
generalized to any objective because the implementation of the rule-base EMS significantly
depends on expert knowledge of designers, which cannot satisfy the optimal solution. Therefore,
this type of EMS is considered as a baseline control strategy for comparison.

The global optimization approach can exhibit global optima; however, it belongs to the
offline control strategy that remains a drawback of requiring a well-known or prior determined
load profile; thus, restricting the real-time implementations. Moreover, some of the global
optimization-based EMS, such as dynamic programming, genetic algorithm, and so forth, require
a burden calculation because they demand a library of all driving cycles information, or some, like
the ECMS and Pontragin minimum principle, need the parameters of the system dynamics and
components to generate the objective function, which requires more effort in practical applications.

Hence, they are mostly considered as a benchmark for comparisons.
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On the contrary, the local optimization-based EMS, such as extremum-seeking, model
predictive control, adaptive control, and so on, is not only suitable for real-time applications but
also able to exhibit an optimal solution; however, it is easy to meet local optima. Among those,
the model predictive control is a good choice for real-time EMS design due to its capability of
predicting and solving optimization problems. Nevertheless, this method requires heavy
computation [50]. The extremum seeking, on the contrary, offers a simpler calculation to seek out
the maximum efficiency of the PEMFC. Despite the local optimization category, it is suitable for
the EMS design because the PEMFC efficiency map uniquely exists one highest efficiency point;
thus, the problem of local optima does not affect this situation [50, 54]. To this end, the state-of-
the-art with merits and demerits for each control strategy is summarized in Table 5.1.

Table 5.1 Comparison of existing control strategies for the HPS.

Optimization-based EMS
Rule-based EMS

Global Local
Category | Online control strategy | Offline control strategy Online control strategy
_ o - Can achieve a globally optimal _ o
Merits - Real-time applications . - Real-time applications
solution

- Require information driving

- Cannot exhibit an cycles and system dynamics = - Get trapped in local
Demerits ) ) ] )
optimal solution Burden calculation optima

- Not real-time applications

Compared to other optimal strategies, the ES, apart, functions as the model-free method
where it also does not require internal parameters of energy storage devices. Only the current
system state such as fuel cell power and its change rate and energy storage device SOC are required
for the optimal reference PEMFC power. Furthermore, the PEMFC efficiency is also necessary
for the optimal power calculation and this parameter can be online obtained. Regarding the
equivalent model of the ESDs (BAT and/or SC), the SOCs can be calculated through instant power,
initial SOC, maximum capacity, and rated voltage which are available in commercialized products.
To this end, the ES can be constructed based on the system states and parameters that are available
and/or can be instantly online obtained.

From the configuration point of view, besides, several studies just considered two devices
for the hybrid power system, one primary source of the PEMFC and one supplementary source of
either the battery or the SC. Some studies dealt with the PEMFC-BAT-SC hybridization; however,

the dynamical behavior of the SC was ignored in the cost function and optimization problem.

80




Therefore, this work applies a new methodology to facilitate the ES-based control
framework to deal with multiple supplements for power distribution by expressing an equivalent
component. With a new penalty function, the PEMFC power can be more effectively regulated to
operate in the high-efficiency region with smooth response whereas the SOCs of the BAT and SC

are maintained to vary in the suitable intervals.

5.2 Proposed Extremum Seeking-Based Optimization

This section presents a comprehensive control scheme with high-level control for the EMS
and low-level control for the DC/DC converter for PWM implementations. The high-level control
aims to determine the appropriate power command for each source whereas the low-level control
is to regulate the DC bus voltage and generate output power to meet the reference one obtained
from the high-level control. The overall diagram of the proposed control strategy is presented in

Figure 5.1.
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Figure 5.1 Multi-level control scheme of the proposed ES-based EMS.
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5.3 High-Level Control

In this section, the proposed EMS based on the ES algorithm is dedicatedly explained for
the power distribution of electrical sources.

5.3.1 PEMFC Reference Power

The goal of the ES optimization technique is to seek out the optimal power of the PEMFC,
in which the system efficiency is maximized, whereas the SOCs of both BAT and SC are regulated
within the suitable range to avoid over-charging or over-discharging. For this purpose, the SOCgat
and SOCsc are considered as constraints in the cost function, along with the PEMFC efficiency.
However, the difficulty remaining is how to derive this objective function to effectively find out
the extremum value and split the power for supplements when using more than two devices.

In order to solve this regard, an equivalent SOC, the so-called SOCeq, is considered which
reduces these auxiliaries to one equivalent device. Hereafter, the new hybridization of three
sources is now equivalently converted to the former of two hybrid power sources. The proposed
control scheme for the ES-based EMS is displayed in Fig. 5.1. As seen, the input of the ES is the
penalty function attainted from the PEMFC efficiency and equivalent SOC. To appropriately
obtain this parameter, an adaptive law was constructed which defines a suitable coefficient
regarding the current SOCs of the BAT and SC.

The output of the ES is the optimal PEMFC reference power. The remained power load is
then distributed to the BAT and SC through a fuzzy logic system. This process returns the BAT
and SC reference power. Then, these references are used for the low-level control to execute PWM
for DC/DC converters. The detailed control scheme with multi-level control of the proposed ES-
based EMS is displayed in Figure 5.1, where Preg is regenerative power in the case of braking, and

P stands for optimal theoretical power obtained from the ES mechanism.

Based on the relationship between the input of PEMFC current, Irc, or power Prc in

equivalence, and the output of PEMFC efficiency, 7. , through the efficiency map, the ES
mechanism will take care of the cost function Jeost Obtained from the system output to adjust the
control input Prc such that this variable reaches to the optimum value P,f(‘f"ry ; thus, exhibiting the
maximized steady-state output 7..=f (P;‘ge‘”y). The core of this technique relies on the periodic

perturbation sinusoidal signal added to the cost function with modulation, parameter update, and

demodulation filter mechanisms to force the PEMFC current to move toward the optimal point
where optimal efficiency 7. is exhibited. The implementation for the ES is derived by the

following equations:
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B()=(7iec (V)0 (1)) Fi (5)
é(t):qﬁ(t) a, sin(awt) F (s)
6=—k& (1)

| e =a, sin (wt )+6

(5.1)

S

where F.(s)=o
h

and F, (s):% are the high-pass and low-pass filter functions, respectively;
1

o, and o, stand for high- and low-pass filter cutoff frequencies, respectively; k is the learning rate,

and two terms assin(w?) and aosin(w?) are demodulation and modulation signals.

The cost function Jeost is expressed as

socn"-soc,  SOC,—socm™ |
JCOSt: ~%es max min 1Yy max
SOC, socy
—Pes |PFc,t—P|:CYt_m |_7/Es ‘SOC;”'—SOCeq

q

(5.2)

where SOCeq and SOC;Qi are instant equivalent SOC and initial equivalent SOC, respectively,

determined as a new variable that represents the relationship between the SOCgar and SOCsc;

SOCH" and SOCZ™ are lower and upper bounds of the SOCeq, respectively; ag, fes , and 7

are coefficients of the cost function; P, and P, denote current and one-step previous

PEMFC power.
The equivalent SOC, SOCq, is expressed as

SOC,, =rSOC,; +(1-F)SOCy (5.3)

where re(O,l) is an adaptive ratio determined based on the current SOCs of the BAT and SC.

In the simplest case, r can be defined as

1 ,ifSOC,, >SOC
r=1s0C (5.4)

BAT otherwise
SOC,.

ini
eq

SOCsc. Different from the original work [50] and [54], the cost function (5.2) is modified with

Thus, an initial equivalent SOC,_, can be obtained based on the initial values of SOCgar and

two more terms Ses [Prci—Prca| and yes (SOCH-SOC,, )" added where the first term is to

regulate the change rate of the PEMFC power such that smooth power can be exhibited while the
second term is to assure that at the end of the driving cycle, the final SOCeq will be regulated to be
as same as the initial one; thus, stabilizing the energy storage performance. This cost function is

more generalized than existing ones as if setting fes = 0 and yes = 0, then the cost function (5.2)
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becomes the former. The stability of the ES approach can be referred to [49]. Then, the final step
in this high-level control is defining individual reference power for each BAT and SC device.

5.3.2 Battery and Supercapacitor Reference Power

The aim is to diminish the remaining load power required from the auxiliary in the case of
only considering the BAT and ignoring the SC in the objective function. In this step, the remaining
load power and BAT SOC are assigned as two inputs and the output is the BAT reference power
gain. Another fuzzy mechanism is employed for this purpose.

Instead of directly using the load remained as one input, the load ratio is considered. The
reason for using this ratio is to make the remained load automatically scaled down to be
constrained in a range of [-1,1] regardless of its bounds changed due to using another size of

PEMFC or a different size of hybrid power source. The calculation for this load factor is expressed

by:

A Ry R [pmax (R R
O joad = P|oad _PFr(e:f otherwise (45)

max(|Pload |)_P|:r(e:f ’
where max(|P,oad|) is the maximum load that can be determined based on the load workability.

The SOCgar is required to vary in the range of [0.5, 0.9] where five membership functions
(MFs) of very low (VL), low (L), medium (M), high (H), and very high (VH) are utilized to specify
the SOCg. The load factor is specified by five MFs of negative high (NH), negative medium (NM),
zero (Z), positive medium (PM), and positive high (PH). For the output of the fuzzy operator,
seven MFs are employed as negative big (NB), negative medium (NM), negative small (NS), zero
(2), positive small (PS), positive medium (PM), and positive big (PB). The MFs of the inputs and

output are depicted in Figure 5.2 and the fuzzy rules table is described in Table 5.2.

NH NM 4 PM PH

Degree of membership
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Figure 5.2 MFs of inputs and output of the fuzzy operator for the BAT and SC power split.

Table 5.2 Fuzzy rules for output battery power reference gain

&r-load
g BAT

NH NM 7 PM PH

VL| NB NB | NM NS Z

L | NB NM | NS Z PS

SOCeur MM [ WM NS Z PS PM
H | NS Z PS PM PB

VH| Z PS PM PB PB

From the output of the fuzzy rules, the reference power of the BAT is determined as
PBrsz =0gar (Road _F)Fr(e:f ) (5.6)
As a result, the SC will take care of the left load power and also absorb fluctuation induced

by transient or peak load demand, i.e.
P =Roas —Pic —Psar (5.7)

5.4 Low-Level Control
Low-level control aims to generate the PWM signals for controlling DC/DC converters to

satisfy the demand energy of power sources and compensate for DC bus fluctuation. This

85



compensation is executed by the modified power reference of the BAT, which is determined in
high-level control. Then, proportional-integral (PI) controllers are employed to generate PWM
signals for each respective power source. The architecture of the low-level control is presented in
Figure 5.3.
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Figure 5.3 Structure of low-level control.
For the PEMFC, the reference current is computed as
178 = fea (122) (5.8)

where 1f% is the PEMFC reference current (A), fq.(.) is the function of the rate limiter for the
PEMFC current, and 18 is the command current of the PEMFC that is limited to maximum and

minimum current values (A).

The uncompensated PEMFC current by using the rate limiter is given as follows:

uc ref cmd
Fc =1 FC — lFc (5.9)

where 1£¢ is the uncompensated PEMFC current (A).

For the BAT, the reference and uncompensated currents can be defined as follows:

I = fro (1639) (5.10)
Bar =l gar — | SAT (5.11)
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ref

where lg,; is the BAT reference current (A), fx.(.) is the function of the rate limiter for the BAT

current, 153 is the command current of the BAT that is limited to maximum and minimum current
values (A), and 15, is the uncompensated BAT current (A).

It is noteworthy that due to using the new command variable, the SC duties are to not only
suppress the peak phenomenon but also release power to satisfy the power requirement. Thus, the
SC, with its high power density and fast dynamics response, is employed to accommodate the
uncompensated currents due to the slow dynamics of the PEMFC and BAT. The reference SC

current is given by

| ref c

sc — Ilé((:: +1 gAT +1 chd (512)

ref

where ¢ is the SC reference current (A) and 152° is the SC command current (A).

5.5 Simulation Results

In this section, a comparative simulation between the proposed optimization-based strategy
and previous methods is conducted to access and analyze the effectiveness of EMS strategies for
the HPS under different operating conditions. In this chapter, the proposed strategy is developed
to solve several optimal requirements for HPS consisting of improving the PEMFC stack
efficiency, reducing hydrogen consumption, increasing load power adaptation, and minimizing
ripples of the DC bus. In detail, the proposed extremum seeking-based optimization EMS
(proposed ES-EMS) is implemented and compared with the two other strategies: DFD-EMS
(chapter 3), and fuzzy-EMS (chapter 4), in which a continuous black line representing the reference
power of the load, a dashed-dot blue line indicating the power of the DFD-EMS, a dashed-dot green
line showing the load power adaptation of the fuzzy-EMS, and a dashed-dot red line displaying the
load power adaptation of the proposed extremum seeking-based optimization EMS (proposed ES-
EMS). To comprehensively investigate EMS approaches with various operating situations, two
load profiles as in Fig. 2.8 are considered with several load levels such as acceleration, deceleration,
and regeneration in practical working conditions. In addition, the modeling of the HPS has
deployed in Matlab/Simulink 2021b environment with a sampling time for displaying simulation
results at 0.05 ms. By reasonably selecting components, characteristics of energy sources, and
parameters of the proposed EMS are listed in Tables 3.4 — 3.7.

5.5.1 Step-Changing Load

The system performance and effectiveness of three EMSs are described in Figures 5.4 —5.9.
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Figure 5.4 The comparison of load power adaptation based on three EMSs. (a) The load power

adaptation. (b) The power tracking error.

Firstly, Figure 5.4 depicts the comparison of load power adaptation based on three EMSs. As

shown in Figure 5.4 (a), it can be seen that three strategies can achieve a good performance of power

adaptation to the load power demand. When the load power is abruptly changed at the time of the

101, 30, 50t 70™ 90™, and 110™, these strategies can guarantee the fast transient state of the load

power. However, there are some differences in the power tracking error of these EMSs as presented

in Figure 5.4 (b). The proposed ES-EMS gets the optimum distributed accuracy with the error in the
range of (-0.5 — 1) W, while the DFD-EMS and fuzzy-EMS have an inadequate power

approximated (-2 — 4) W. The obtained results show that the proposed strategy has the best power

adaptation with the smallest power fluctuations.
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Figure 5.5 The power distribution of energy sources. (a) PEMFC. (b) BAT. (c) SC.

Next, the power distributions of the PEMFC, BAT, and SC in the hybrid system are shown in
Figure 5.5. For the proposed strategy, the PEMFC supplies optimal power that corresponds optimal
working point of the PEMFC stack as shown in Figure 5.5 (a). Then, the constraints of the cost
function will regulate the power distribution of BAT and SC, which can guarantee not only the load

power demand but also the fuel cell efficiency.
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Figure 5.6 The DC bus voltage regulation. (a) Voltage tracking. (b) Tracking error.

The comparison of DC bus voltage regulation under different working load conditions is

shown in Figure 5.6. It can be seen that the DC bus voltage is steadily maintained at around 40 V

with a very small fluctuation, despite the abrupt change of the load, as displayed in Figures 5.6 (a)

and (b). In particular, the proposed strategy has the peak voltage of the DC bus in the range of (39.9

— 40.1) V, which is the best voltage ripple approximated by 0.5 %. Meanwhile, the DC bus voltages

fluctuate of two other strategies in the range of (39.6 — 40.3) V with about 1.75 % voltage ripple.
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Figure 5.7 The SOC status. (a) BAT SOC. (b) SC SOC.

The SOC levels of both BAT and SC are performed in Figure 5.7, which describes the charged
and discharged status. As shown in Figure 5.7 (a), the proposed approach could maintain the
fluctuation of BAT SOC level in the range of (69.55 — 70.5) % with the charging and discharging
mechanism clearly. The DFD-EMS and fuzzy-EMS show a decreased trend of the SOC BAT and
keep the SOC range within (69.6 — 70) %. For the SC, the proposed EMS shows a higher SOC
variation that corresponds to the charge and discharge status with the range of (74.85 — 73.5) %.
Meanwhile, the DFD-EMS and fuzzy-EMS have a SOC varying range within (74.81 — 75) %.
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Figure 5.8 The PEMFC stack efficiency. (a) Efficiency status. (b) Average efficiency.
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The PEMFC stack efficiency is investigated to evaluate the effectiveness of three EMSs as
depicted in Figure 5.8. The efficiency status corresponding to PEMFC power change is depicted in
Figure 5.8 (a). In addition, the average efficiency of the PEMFC stack is presented in Figure 5.8 (b).
It can be seen that the average PEMFC stack efficiency can increase by 3.5731 % by using the
proposed ES-EMS and reaches 52.5834 %, while the efficiency of fuzzy-EMS is 49.0103 %.
Meanwhile, the average efficiency of the DFD-EMS has the lowest efficiency of 48.1043 (%).
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Figure 5.9 The comparison of fuel consumption. (a) H2 consumption status. (b) Total H2

consumption.

Finally, Figure 5.9 describes the hydrogen consumption of three EMSs. As a result, the total
hydrogen consumption of the proposed ES-EMS is less than the fuzzy-EMS and the DFD-EMS.
In detail, the DFD-EMS and the fuzzy-EMS have a hydrogen fuel consumption of 0.2995 (g) and
0.2890 (g) in comparable operating conditions, respectively. In contrast, in the case of the proposed
approach, hydrogen consumption is 0.2593 (g) which reduces 0.0402 (g) (13.42 %) and 0.0297 (g)
(10.28 %) in comparison to the DFD-EMS and fuzzy-EMS, respectively. This result demonstrates
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that the proposed optimal strategy can save the fuel economy with hydrogen consuming less than
compared to other ways.

5.5.2 Specific Driving Cycle Load

Here in this simulation, examined specific driving cycle along with the workability of load
satisfaction under three strategies is shown in Figure 5.10. The behaviors of electrical devices, the
DC bus voltage regulation, and the SOC status of BAT and SC are described in Figures 5.11, 5.12,
and 5.13, respectively. Then, the PEMFC stack efficiency and hydrogen fuel consumption are
depicted in Figure 5.14 and Figure 5.15, respectively. Generally, the use of the battery could help

maintain the DC bus voltage to meet the desired one at 40 V.

Power (W)
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1
—

1
[

Power tracking error (W)

Figure 5.10 Load satisfaction under three strategies. (a) Load tracking performance. (b)

Tracking error performance.

Firstly, the load power adaptation of three EMSs is presented in Figure 5.10. In general, all
three algorithms could satisfy the load requirement as shown in Figure 5.10 (a). In Figure 5.10 (b),
the tracking error performance of three strategies is described detail. It can be seen that the proposed

strategy achieves the least power tracking error in the range of (—0.5 — 0.5) W. Meanwhile, the
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DFD-EMS and the fuzzy-EMS take an insufficient power in the range of (-2 — 0.8) W, respectively.
This result proves that the proposed strategy can improve the accuracy of load power adaptation

under different operating conditions.
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Figure 5.11 The power distribution of energy sources. (a) PEMFC. (b) BAT. (c) SC.

The power distributions of the PEMFC, BAT, and SC in the hybrid system are shown in Figure
5.11. For the PEMFC, the proposed strategy generates the optimal power distribution at the high-

efficiency region as the efficiency map in Figure 2.4. This optimal PEMFC power can ensure a stable
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adaptation for load power demand, which can improve the fuel economy and durability of the
PEMFC system. The power capability of the BAT and SC under three EMSs are depicted in Figures
5.11 (b) and (c). It can be seen that the distribution of BAT and SC is employed to supplement the
slow power response of the PEMFC as well as guarantee a smooth power response to charge the

redundant power from the DC bus to the BAT and charge the redundant power in the regenerative

mode.
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Figure 5.12 The DC bus voltage regulation. (a) Voltage tracking. (b) Tracking error.

Figure 5.12 shows the DC bus voltage regulation of three EMSs. Three strategies can maintain
the DC bus voltage steadily at around 40 V. In detail, the proposed ES-EMS maintains the DC bus
peak voltage in the range of (39.9 — 40.1) V with the tracking error of 0.2 V, approximated by a
0.5 % voltage ripple. Meanwhile, the fuzzy-EMS and DFD-EMS have a tracking error of 0.45 V and
0.7 V, which takes the voltage ripple of 1.13% and 1.68 %, respectively.
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Figure 5.13 The SOC status. (a) BAT SOC. (b) SC SOC.

The SOC levels of both BAT and SC are depicted in Figure 5.13. In detail, the BAT SOC of
the two strategies can maintain the low fluctuated range of (69.9 — 70.05) %, while the proposed
ES-EMS varies in the range of (69.97 — 70.18) % as shown in Figure 5.13 (a). For the SC, the SOC
level of the proposed strategy increase in the range of (75 — 77.1) %, while the DFD-EMS and

fuzzy-EMS vary between (74.9 — 76.1) % and (74.9 — 77.3) %, respectively.
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Figure 5.14 The comparison of PEMFC stack efficiency of PEMFC stack. (a) Efficiency
status. (b) Average stack efficiency.

The PEMFC stack efficiency of three EMSs is evaluated as presented in Figure 5.14. From
the above figure, the average PEMFC stack efficiency of the proposed strategy achieves 52.8556 %
which increases by 3.5686 % in comparison to the efficiency of fuzzy-EMS with 49.287 %.
Meanwhile, the average efficiency of the DFD-EMS has the lowest efficiency of 48.3026 (%).
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Figure 5.15 The comparison of hydrogen consumption. (a) H2 consumption status. (b) Total

H2 consumption.
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The hydrogen consumption of three EMSs is described in Figure 5.15. In detail, the proposed
ES-EMS has the least total hydrogen consumption. In detail, the DFD-EMS and the fuzzy-EMS
have a hydrogen fuel consumption of 0.2609 (g) and 0.2542 (g) in comparable operating conditions,
respectively. In contrast, in the case of the proposed approach, hydrogen consumption is 0.2307
(9) which reduces 0.0302 (g) (11.58 %) and 0.0235 (g) (9.24 %) in comparison to the DFD-EMS
and fuzzy-EMS, respectively. This result demonstrates that the proposed optimal strategy can save

the fuel economy with hydrogen consuming less than compared to other ways.

5.6 Conclusion

This chapter presents the optimization EMS based on the ES algorithm with comprehensive
multi-level control HPS to not only minimize fuel consumption but also maintain the system
qualification. The proposed methodology is constructed based on the framework of ES for three
power sources. To make this setup implementable, equivalent SOC, regarding the auxiliary SOCs,
with adaptive co-state are introduced, to reduce the number of ESDs. Besides, the penalty cost
function is developed with the PEMFC change rate added for the ES progress to determine the
PEMFC optimal power. As for the remained power for the ESDs, other FLRs are employed to split
suitable power for each source. From the reference obtained power in high-level control, the
corresponding reference currents are calculated and thus assigned as input in the low-level control.
At this level, actual command currents are used as the input signals for the PI controllers to
generate a PWM signal that regulates the switching action in the DC/DC converters such that the
output power matched the reference ones. The comparative simulations are conducted between the
proposed ES-EMS, fuzzy-EMS, and DFD-EMS under two case studies: step-changing load and
specific driving cycle. The obtained results show that the proposed strategy achieves effectiveness
and feasibility in ensuring the DC bus stability with 0.5 % voltage ripple, increasing the PEMFC
stack efficiency by 3.5731 % and 3.5686 % for the step-changing load and specific driving cycle,
respectively. In addition, the hydrogen consumption reduces by 0.0297 (g) (10.28 %) and 0.0235
(9) (9.24 %) for the step-changing load and specific driving cycle, respectively.

In conclusion, the proposed methodology can stabilize the ESDs’ SOC while still satisfying
load requirements. Besides, this method can be considered as a premise for expansion on any
hybrid electric system with more than two power sources by using an equivalent variable to reduce
the number of auxiliary ESDs. Future works may focus on employing this methodology of using
equivalent system states to investigate system dynamics under other strategies such as model
predictive control, forgetting factor, global optimization approaches, and expanding on new

configurations with multi-PEMFCs and multi-ESDs.
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Simulation and experimental results are summarized as follows:

Step-changing load

Specific driving cycle

DFD-EMS | Fuzzy-EMS | Proposed [DFD-EMS |Fuzzy-EMS | Proposed
Power tracking RMSE 0.176 0.147 0.04 0.107 0.103 0.029
error Me 3.955 3.895 1.062 2.029 2.005 0.88
SD 0.176 0.146 0.039 0.106 0.103 0.03
DCbus voltage ripple (%) 1.75 1.75 0.5 1.68 1.13 0.5
FC stack efficiency (%) 48.1043 49.0103 52.5834 48.3026 49.287 52.8556
H2 consumption (g) 0.2995 0.289 0.2593 0.2609 0.2542 0.2307
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Chapter 6

CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

This dissertation presents a comprehensive energy control strategy for the hybrid power
system powered by PEMFC, BAT, and SC to enhance the power distribution accuracy, regulate
the DC bus voltage, and improve fuel cell stack efficiency as well as hydrogen consumption. First
of all, the dissertation describes the overall configuration, the characteristics of the power sources,
and the requirements for energy management design in the hybrid power source. Then, control
schemes have been proposed to improve the system control performance. The reliability and
effectiveness of the proposed strategies are validated by simulation and experimental employment.
The summarized conclusions of this dissertation are listed in the following.

In chapter 2, the key characteristics of power sources and electric components are captured
and modeled to develop a hybrid power system for the analysis and energy management algorithm
design. Dynamic models of PEMFC, BAT, SC, DC/DC converter, and load profile models are
described with detailed characteristic functions. Finally, several techniques and requirements of
EMS are illustrated as the theoretical background for the following chapters.

In order to improve the system performance for the hybrid power source, a comprehensive
energy management strategy with high- and low-level control is proposed in chapter 3. In the high-
level control, a deterministic rule-based strategy combined with a frequency decoupling (FD)
method is developed to ensure accurate power distribution under different working conditions.
Then, the low-level control is designed to maintain the stability of DC bus voltage based on the
analysis of the dynamics response of converters through the Bode diagram. Finally, the simulation
and experiment on the real hybrid power system test bench are implemented to evaluate the
effectiveness of the proposed strategy. The obtained simulation results with the step-changing load
reveal that the proposed strategy achieves the DC bus voltage at 1.75% ripple, while the specific
driving cycle has a DC bus voltage ripple of 1.68 %. For the experiment performance, the
proposed strategy maintains the DC bus voltage ripple at 3.5 % in the case of a step-changing load.

To deal with model uncertainty and complex decisions when using the deterministic rule-
based method, the FLRs and FD method are developed in the high-level control to determine the
flexible power-sharing of power sources based on their dynamic response. In addition, this
hierarchical approach considers DC bus voltage regulation to correctly distribute energy while also

maintaining DC bus voltage stability. Simulation and experiment results are employed to evaluate
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the effectiveness of the proposed strategy. The issues of achieving optimum fuel economy and
enhancing PEMFC efficiency, however, were not thoroughly covered in this chapter and need to
be further investigated.

In order to improve the PEMFC stack efficiency and hydrogen consumption, a
comprehensive multi-level control is developed in chapter 5, in which the extremum-seeking-
based optimization in high-level control not only minimizes fuel consumption but also maintains
the system qualification. Then, equivalent SOC, regarding the auxiliary SOCs, with adaptive co-
state are introduced, to reduce the number of ESDs. Besides, the penalty cost function is developed
to determine the PEMFC optimal power and fuzzy rules are employed to split suitable power for
ESDs from the remained power. At low-level control, actual command currents are used as the
input signals for the PI controllers to generate a PWM signal that regulates the switching action in
the DC/DC converters such that the output power matched the reference ones. The comparative
simulations depict that the proposed strategy achieves effectiveness and feasibility in maintaining
the DC bus stability with a ripple voltage of 0.5 % while increasing the PEMFC stack efficiency
by 3.5731 % and 3.5686 %, and reducing the hydrogen consumption by 0.0297 (g) (10.28 %) and
0.0235 (g) (9.24 %) for the step-changing load and specific driving cycle, respectively. As a result,
the proposed methodology can stabilize the ESDs’ SOC while still satisfying load requirements,
and expanding on any hybrid systems with more than two ESDs.

6.2 Future Works
Although control strategies have been proposed to address existing problems in this
dissertation, some areas needed to be investigated further in the future, such as:

— The advanced configuration of DC-DC converters and controllers should be considered to
reduce the voltage ripple of the DC bus, which can increase the system performance and
quickly adapt to the high peak power.

— The balance-of-plant (BOP) control issues for the PEMFC system such as hydrogen/
oxygen supply control, humidity/thermal control, and so forth, need to be developed to
protect the stack operation and improve the system efficiency.

— Fuel cell degradation and battery degradation metrics should be considered when designing
the EMS to prolong the PEMFC stack and the battery lifetime.

— Advanced control strategies continue to develop such as online optimization-based
algorithms and learning-based strategies to enhance the system performance, increase the
PEMFC stack efficiency, and reduce hydrogen consumption.

101



— Experimental implementations need to be conducted with more load profile models of the
driving cycle to validate the effectiveness of the proposed strategy under multiple working
modes such as accelerator, decelerator, and regenerative.

As a result, this dissertation can be served as a foundation for the future development of
sophisticated EMSs for hybrid PEMFC applications.
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