2023 26th International Conference on Mechatronics Technology (ICMT) | 979-8-3503-8142-9/23/$31.00 ©2023 IEEE | DOI: 10.1109/ICMT59920.2023.10373618

2023 26th International Conference on Mechatronics Technology (ICMT)

Optimal energy management for fuel saving in the
fuel cell hybrid excavator

Hoai-An Trinh Van Du Phan Kyoung Kwan Ahn*
Department of Mechanical Engineering School of Engineering and Technology Department of Mechanical Engineering
University of Ulsan Vinh University University of Ulsan

Ulsan 44610, Korea
hoaian191290@ulsan.ac.kr

Abstract—This paper describes an optimal energy
management approach for a fuel cell hybrid excavator (FCHE)
powered by a fuel cell (FC) system and energy storage devices
composed of a Li-ion battery pack and supercapacitor bank. In
order to meet the fuel-saving demand, an equivalent
consumption minimization strategy (ECMS) is proposed, which
not only guarantees the load power adaptation but also
minimizes the hydrogen consumption and improves the
operating efficiency of the fuel cell stack. Comparative
simulations are carried out to verify the effectiveness and
feasibility of the proposed ECMS methodology under different
working conditions.

Keywords—Fuel cell excavator, power management, fuel
saving, optimization.

L. INTRODUCTION

Hybrid excavators have recently become popular in a
variety of civil and industrial applications, offering numerous
benefits such as reduced fossil fuel consumption, lowered
greenhouse gas emissions, and less damage to the
environment. Among them, FCHE is emerging as an eco-
friendly system in the strategy of using renewable energy
sources not only for construction machinery but also for
electric vehicles [1]. In the FCHE configuration, the primary
electric energy is generated by using the FC system that runs
on hydrogen fuel. Due to the slow dynamic response of the
fuel cell system, FCHE integrates energy storage devices
(ESDs) such as battery (BAT), supercapacitor (SC), or both
BAT and SC to assist the FC dynamic for load power
adaptation and extend the lifetime of fuel cell system under
different working conditions [2]. Based on the high dynamic
response, the SC serves to deliver the peak power, while the
BAT is used as the secondary energy source to deal with the
dynamic limitation of the FC system. Based on this flexible
structure, some hybrid construction machinery models have
been developed with the structure of FC/BAT [3], FC/SC [4],
or FC/BAT/SC [5, 6].

In order to guarantee the hybrid system performance,
energy management strategies (EMSs) are designed for load
power adaptation, power distribution between FC system and
ESDs, and optimal requirements such as fuel economy, FC
stack efficiency improvements, and so on. For the FCHE, rule-
based (RB) strategies and optimization-based (OB) strategies
are the two types of EMSs that have been implemented. RB
strategies are designed based on the predetermined rules that
use the previous information or heuristics to define the power
distribution for each power source. It is difficult to satisfy the
continuously repeatable switch of system behaviors, as well as
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the fluctuation of load conditions in different real-world
working cycles, which can affect the parameters of these rules.
Thus, these methods face several obstacles in terms of
ensuring the system's performance and achieving optimal
requirements for FCHE. To overcome this limitation, OB
strategies are developed to enhance the system qualification.
Dynamic programming (DP)-based EMS was used to
minimize hydrogen consumption and optimize the component
sizing of an FC-BAT excavator [7] and improve the fuel cell
efficiency of an FC-SC excavator [8]. An optimization method
based on Pontryagin’s minimum principle (PMP) [9] was
proposed to meet the powertrain demand, minimize hydrogen
consumption, and improve economic problems for the
configuration of the FC-SC hybrid excavator. However, the
DP and PMP methods, on the other hand, are considered
offline optimization strategies with limitations for online
optimal requirements. In order to improve system
performance in real-time, the multi-objective optimal model
predictive control (MPC)-based EMS was applied to not only
minimize hydrogen consumption and achieve economic
requirements but also maintain the SOC of ESDs for FC-BAT
excavator [10] and FC-SC excavator [11, 12]. An MPC also
faces challenges due to the critical condition for building an
accurate model and the large computation required to solve
optimization problems in each sampling time. Being a most
common optimization technique and easy to operate in real-
time, an equivalent consumption minimization strategy
(ECMY) is utilized to achieve the optimal requirements for
FCHE by designing a cost function, which consists of
equivalent factors of hydrogen consumption and equivalent
fuel consumption of other power sources.

Motivated by the aforementioned analyses, in this paper,
an optimal energy management technique is developed based
on an ECMS to satisfy the load power adaptation, optimize
power distribution between the FC and ESDs, improve FC
stack efficiency, and reduce hydrogen consumption for fuel-
saving demand of an FCHE. A cost function with a multi-
objective optimal strategy is proposed by transforming the
energy consumption of ESDs into equivalent hydrogen
consumption and then minimizing the total equivalent
hydrogen consumption from the FC system and ESDs to
ensure the maximum fuel economy. Finally, comparative
simulations are carried out to verify the effectiveness of the
proposed strategy with two other methods.

II.  HYBRID EXCAVATOR STRUCTURE

A. Power-train structure

Fig. 1 shows the structure of the FCHE. This system is
composed of the following elements: an FC system, a Li-ion
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BAT, an SC bank, a unidirectional DC/DC converter, two
bidirectional DC/DC converters, the traction motor, and the
energy management controller. In this system, the FC system
serves as a primary power source while ESDs (BAT and SC)
are utilized to compensate for the lacking power in the initial
phase, the transient period, peak power demands, or
regenerative energy due to a high energy density and high
power density. This configuration offers a versatile
mechanism for controlling the DC bus voltage, enhancing
working performance, and achieving fuel economy for the
FCHE system.
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Fig. 1 Structure of fuel cell hybrid excavator.

B. Power plant model

The equivalent circuit models of FC stack and ESDs are
detailed in [13]. For the FC system, the total output voltage
and power are given by:

Vie =NV, (1)

Pre =0pcVecl e (2)
where V. is the FC stack output voltage (V), V,, is the cell
output voltage (V), N is the total number of cells, P.. is the

PEMEFC stack power (W), 77, is the FC stack efficiency (%),
and I, is the FC stack output current (A).

The hydrogen consumption is calculated as follows:

h PFC(t) It

3
o Trc P, @)

H,

where m,, denotes the hydrogen consumption (g), p,,, is the

energy density of hydrogen chemical (MJ/kg).

Based on technical input parameters, the predetermined
polarization curves of voltage-current (U-I) and power-current
(P-I) are defined to illustrate the FC stack characteristics as
shown in [14].

For the BAT, the output voltage and SOC can be obtained
as follows:

VBAT _E R [BAT (4)

SOC,,, (1) =SOC, ., (1,) - j1M e (5)

BAT 1,

where R, is the BAT internal resistance (), E, is the

nonlinear voltage (V) that equals £, in discharge mode and

equals £, in charge mode as defined in [13], O,,, is the
maximum BAT capacity (Ah), t is the present time, and ¢, is
the initial time.

For the SC pack, the output voltage and SOC can be
calculated as follows:

N.O
sc = Tg —R, Iy (6)
SOCq.. (1) = SOCy. (4, j (r)dz 7)
SC 1y

where I is the SC output current (A), R, isthe SC module
resistance (), O, 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.

In order to control the power flows in the FCHE, DC/DC
converters are designed with two types of boost converter and
bidirectional converter. These converters are utilized to connect
the FC, BAT, and SC with a DC bus that supplies the required
power to the load demand. The structure of these converters is
described in [15]. Duty cycles used to control the converter can
be calculated by:

|14
— out
Dbuck - (8)
in_max nbuck
V. .mn
in_min * \boost
Dhm).vt = 1 - V (9)
out
where D, ,, D, arethe duty cycle of boost and buck mode
(%) Vi, in> Vi » and V,,, are the minimum, maximum

input voltage and output voltage (V) of the converter,
respectively. n,,., and m,,, are the efficiencies of the

converter which are estimated to equal 90% for buck mode
and 80 — 90% for boost mode, respectively.

III. ECMS-BASED OPTIMIZATION

In this work, the proposed EMS is designed based on the
load power and SOC of ESDs to satisfy the load power
adaptation, determine the power-sharing of energy sources,
and guarantee the fuel economy of FCHE. Fig. 2 presents the
overall structure of the proposed control strategy.

Fig. 2. The proposed control strategy.

The essence of the optimization-based EMS is instantaneous
control the power flow from FC system and ESDs to adapt load
demand while ensuring optimal requirements such as minimizing
fuel consumption, increasing FC stack efficiency, or keeping the
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SOC level of ESDs. In general terms, the cost function and
constraints of optimal criterion can be defined as follows:

J, =J, (P (6), Py (1))
(P2 (). PLy (O} =arg min J,

{Prc (1), Pesp (1)}

(10)

Preq (t) = PFC (t) + PESD (t)
SOC™ < SOC, ., (t) < SOC™
0< P, (1)< P™

Prsp < Prgp (1) < Prgy

subject to:

where J; is the cost function at time t, SOCgsp is the equivalent
SOC of ESDs consisting of BAT and SC (%), P, , P, and

req °
P, are the load power demand, FC power, and ESD power (W),
respectively.

Based on the optimal objectives, an ECMS was employed to
define the optimal PEMFC power. The instantaneous cost
function is the sum of hydrogen consumption and equivalent fuel
consumption of BAT and SC that can be given as follows:

J, :thZPFC(t)_l—amESDPESD(t) (11)
Pesp = Poyr + Py (12)
Mg, = My + Mg (13)

where P,,, and P,. are the BAT and SC power (W),
respectively; o is the penalty coefficient, ni,, is the equivalent
fuel consumption of ESD, m1,,, and mg. are the equivalent

consumption of BAT and SC, respectively. In the hybrid system,
the SC is used to generate the peak power that FC and BAT can
not compensate or absorb in a short time. The SC equivalent
consumption can be neglected due to its minimum contribution
[16]. Thus, the cost function (11) can be rewritten by:

J, :mHZPFC(t)+a’hBATB;AT(t) (14)
The optimization problem of fuel consumption is defined by
P =min(n'1H2 +an'13AT) (15)
The BAT equivalent consumption is computed as

mHz‘avg

My = FPppo

(16)

FC,avg

where m,, . and F,

Ye.ang T the average hydrogen consumption

and average FC power, respectively; and o is the BAT factor
defined based on the charged and discharged coefficients as

1
L P, >0
o= ychg,avgydis o (17)
}/Chgydix,avg PBAT <0

where . s Vewes Vais» @d ¥4 ., are the charged, average

charged, discharged, and average discharged coefficients of a
BAT equivalent consumption, respectively.

The charged and discharged coefficients are specified by:

2 BAT —
oc

7Chg/diS: 4Rch wa (18)
2/| I+ l-——="= P, <0
V()C

where Roe and Ry are the resistances of BAT charging and
discharging (€2), and Voc is the BAT open circuit voltage (V).

4R, P,
0.5| 1+ 1—MJ P, .20

The penalty coefficients « can be expressed by:

SOC,,;-0.5(SOCy+SOCy )

=124 SOC™ +SOC™ (12
with boundary conditions as
Pyip < Py <Py (20)
Socy < SOC,,, (t) < SOCy™ (21)
0<a <100 (22)

where y is a balance coefficient (<0.6), SOCyy. and SOCy
are the minimum and maximum BAT SOC (%), respectively;
Pj7and P} are the minimum and maximum BAT power (W),
respectively.

The reference optimal FC power is obtained in real time by
solving the above numerical constraint optimization problem
based on a quadratic programming method. This FC power is

used to calculate the reference power of the PEMFC, BAT, and
SC as follows:

Pl = G(5)Pyc (23)
R ESD — Pload -B F'éf (24)
Py =Gy (5)-Prp (25)
P =Py B (26)

where P, Pi., and P, are reference powers of the FC,

BAT, and SC, respectively. P, , is load power demand (W).

G,(s) and G,(s) are the function of the low pass filters (LPF-
1 and LPF-2) as presented in [17], respectively.

As aresult, the reference powers of PEMFC, BAT, and SC
as calculated above are used in the low-level control to define
the reference currents of power sources, which generated the
PWM signals to control DC/DC converters based on PI
controllers. The suitable controller gains are inherited from
[18] that guarantee the load power adaptation and stability of
DC bus voltage in FCHE.

IV. SIMULATION RESULTS

In this section, a numerical simulation is conducted to
evaluate the effectiveness of the proposed ECMS optimization
strategy in comparison with two other methods of rule-based
EMS in [15] and fuzzy-based EMS in [13]. In addition, the
modeling of the FCHE has deployed in Matlab/Simulink
2021b environment with a sampling time for displaying
simulation results at 0.05 ms. The reasonable parameters of
energy sources (FC, BAT, SC), the traction motor parameters,
and a specific driving cycle of FCHE are inherited from [6].
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Firstly, the load power adaptation of three EMSs is
presented in Fig. 3, with a continuous black line representing
the reference load power demand, a dashed-dot green line
indicating the power adaptation of rule-based EMS (RB-
EMS), a dashed-dot blue line showing the load power
adaptation of fuzzy-based EMS (F-EMS), and a dashed-dot
red line displaying the load power adaptation of the proposed
optimization strategy (proposed-ECMS).
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Fig. 3. Load satisfaction under three strategies.

In general, all three algorithms could satisfy the load
requirement with maximum power approximated 20kW as
shown in Fig. 3(a). However, it can be seen in Fig. 3(b) that
the proposed strategy achieves the least power tracking error
in the range of (0 — 225) W. Meanwhile, the RB-EMS and
the F-EMS take insufficient powers in the range of (0 — 324)
W and (0 — 271) W, respectively. This result proves that the
proposed ECMS can improve the accuracy of load power
adaptation under different operating conditions.
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Fig. 4. The power distribution of energy sources. (a) FC. (b) BAT. (c) SC.

The power distributions of the FC, BAT, and SC in the
hybrid system are shown in Fig. 4. For the FC, the proposed
strategy generates the optimal power distribution at the high-
efficiency region as presented in Fig. 4(a). This optimal FC
power can ensure a stable adaptation for load power demand,
which can improve the fuel economy and durability of the FC
system. Additionally, the distribution of BAT and SC in Fig .
4(b) and (c) is employed to supplement the slow power
response of the FC as well as guarantee a smooth power
response to charge the redundant power from the DC bus to
the BAT.
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Fig. 5. The SOC status. (a) BAT SOC. (b) SC SOC.

The SOC levels of BAT and SC are depicted in Fig. 5. In
detail, the BAT SOC of the three strategies varies in the range
of (50 = 75)% which maintains the limitation. For the SC, the
SOC level also changes in the desired value of (80 — 85)%.

[=-=-= RB-EMS m=m=mF-EMS m=m=m= Proposed-ECMS | ] i
=50 O i
& PR
= -
Sa0f S i s
2 R et
£30 et 1
Z 20 sameEiniT= 32
g 20 UL - 1
S gumet=e 43
= 10 P %! .
g 44
0 =11 L 1 Il 1 Il
0 50 100 150 200 250 300 350 400
Time (s)

Fig. 6. The comparison of hydrogen consumption.

The hydrogen consumption of three EMSs is described in
Fig. 6. Overall, the proposed ECMS has the least total
hydrogen consumption. In detail, the RB-EMS and the F-EMS
have a hydrogen fuel consumption of 53.1 (g) and 52.2 (g) in
comparable operating conditions, respectively. In contrast, in
the case of the proposed strategy, hydrogen consumption is
44.7 (g) which reduces 8.4 (g) (15.81 %) and 7.5 (g) (14.36 %)
in comparison to the RB-EMS and F-EMS, respectively. This
result demonstrates that the proposed optimal strategy can
save the fuel economy with hydrogen consuming less than
compared to other ways.
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Fig. 7. The comparison of PEMFC stack efficiency of PEMFC stack.
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Besides, the FC stack efficiency of three EMSs is
evaluated as described in Fig. 7. It can be seen from equation
(3) that the fuel consumption and stack efficiency have inverse
propotional correlations. The lower the fuel consumption, the
better the fuel cell stack efficiency. From the above figure, the
proposed strategy achieves the highest average FC stack
efficiency of over 54.5 % in comparison to the average
efficiency of F-EMS with 53 % and RB-EMS with over 52 %.

V. CONCLUSION

This paper presents an optimization EMS in order to
satisfy the load power demand and optimize the power
distribution between the energy sources of FCHE based on the
ECMS method. This optimization strategy not only maintains
the load power adaptation but also reduces fuel consumption.
The obtained results show that the proposed strategy achieves
effectiveness and feasibility in reducing hydrogen
consumption by 44.7 (g) compared to 52.2 (g) consumed fuel
for F-EMS and 53.1 (g) used for RB-EMS. Consequently, this
method can be considered as a premise optimization EMSs for
expansion on FC hybrid electric applications with more than
two power sources in the future. Furthermore, the DC bus
voltage regulation and the impact of power source degradation
are being further developed to enhance the optimization of
energy management comprehensively.
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