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Abstract: Around the world, the development of electric vehicles is underway, including in maritime
transportation. However, the development of clean energy vessels still has a long way to go. Fuel
cells (FCs) are a relevant choice among the many clean energy sources to power clean energy vessels.
However, due to the complex and drastic change in the shipload power, FCs need to be equipped
with dynamic fast-response energy storage equipment to make up for it. For multiple energy storage
devices connected in parallel, the state of charge (SOC) is not balanced, which affects their service life
and the stability of the vessel microgrid, as well as slowing the speed and lowering the accuracy of
SOC equalization. This paper proposes a distributed variable sag slope control strategy for vessels to
improve SOC equalization, with a FC as the energy source and a battery and supercapacitor as the
energy storage system (ESS). For the output power distribution problem of energy storage equipment
caused by shipload power variation, a power distribution strategy with a variable filter time constant
is used to improve the reasonableness of the output power distribution of energy-based lithium
batteries and power-based supercapacitors. Meanwhile, this paper considers the power generation
equipment’s service life and energy cost as the optimization objectives, considering the discharge
depth of the energy storage equipment. Finally, a method based on the combination of the lithium
battery SOC rule (the rule formulated according to the state of charge and load power change in
energy storage equipment) and particle swarm optimization algorithm is proposed to solve this
problem. The simulation results show that the proposed strategy improves the equalization speed
and accuracy of the SOC of energy storage devices, fully realizes the characteristics of different energy
storage devices, and reduces the life loss of energy storage devices.

Keywords: clean energy vessel; SOC equilibrium; variable sag slope; variable filter time constant;
particle swarm optimization algorithm

1. Introduction

In recent years, FCs have received much attention in the marine field because they
do not produce harmful greenhouse gases [1-3]. They are particularly relevant for small
or average power vessels (a few hundred kW of rated power). However, when a highly
varying mission profile is considered for an FC-powered vessel, the slow response of FCs
cannot provide timely power to complex and dramatically fluctuating loads. Therefore,
FCs need to be equipped with fast-response energy storage devices to be able to provide
the required power during transient states. It is also necessary to consider the problem
caused by the variation in the SOC among energy storage devices [4,5]. It is required to
prevent the energy storage devices from reaching their limits (low or high charge limits)
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during operation, which leads to a shortened equipment life, early withdrawal from work,
and dangerous shipload system operation. Therefore, it is necessary to propose control
strategies considering the dynamic equalization of the SOC of vessel energy storage devices
to quickly and accurately obtain the SOC of each energy storage device.

The reference [6] introduces virtual rated power to improve the accuracy of the load
current distribution under the change in line resistance according to the battery SOC and
virtual rated power. The reference [7] proposes a multi-intelligence-based two-quadrant
adaptive sag control method to achieve the convergence of the power and SOC of distributed
energy storage devices and maintain the stability of the bus voltage. The reference [8] proposes
a decentralized control strategy based on the battery SOC to enable a series-parallel-structured
battery ESS to distribute power according to the capacity, eliminate battery differences, prolong
the life, and avoid over-discharge. The reference [9] proposes a hierarchical control strategy for
distributed ESSs with different capacities, which can achieve an accurate current distribution
and SOC equalization of energy storage devices with different capacities and adapt to changes
in the line impedance.

The energy management strategy focuses on controlling multiple energy allocations in
hybrid vessels. According to the energy management objectives of hybrid vessels, selecting
appropriate energy management strategies can not only optimize the behavior of each
power device and coordinate and control the flows among them but also reduce fuel
consumption and emissions to a greater extent [10,11].

In reference [12], a fuzzy logic management strategy is proposed to control the output
power of FCs and ESSs according to fuzzy logic rules to improve the economy of vessel
hybrid power systems. In reference [13], an energy management strategy based on a
support vector machine and frequency control was proposed to optimize the filter time
constant and the capacity parameters of the composite power supply using a whale-
finding algorithm to improve the performance of the vessel hybrid power system. The
reference [14] proposed an operation model of a hybrid electric vessel with economic
scheduling considering battery life loss, which can improve the durability of the battery,
the economy, and the environmental friendliness of the ship operation. The reference [15]
proposed a full cycle power fluctuation smoothing strategy applied to hybrid electric
vessels to optimally schedule the diesel generator, improve the operating efficiency and
stability of the vessel system, and reduce power loss.

In this paper, a hybrid FC excursion vessel, “Alsterwasser”, is used as the research
subject [11]. In the studied case, the vessel is powered by a FC and associated with a battery
bank and supercapacitors. The objective of this paper is to study and optimize the energy
management strategy of the hybrid vessel system considering, in particular, the control
strategy of the hybrid marine ESSs. The functional relationship between the dynamic
compensation factor and the SOC of the energy storage devices is improved to enhance
the speed and accuracy of SOC equalization, and the stability analysis of the system with
this improved method is evaluated. A power allocation strategy based on a variable time
constant filter of the SOC of the energy storage devices are used to improve the output
power allocation of the lithium batteries and power-based supercapacitors. Taking the aging
cost and energy consumption cost of the power generation equipment as optimization goals
and considering the depth of discharge of the energy storage equipment, the selection of the
spatial extent of the particle swarm search is improved in the particle swarm optimization
(PSO) algorithm. The selection is in accordance with the determination rule based on the
lithium battery SOC to achieve the goal of reasonable hydrogen consumption and reduce
the life loss of the energy storage equipment.

2. Vessel Hybrid Power Systems

This paper takes the “Alsterwasser” tourism vessel as the research subject [11]. The
hybrid power system of this vessel is composed of an FC system, three ESSs (two lithium
battery packs and a supercapacitor pack), DC/DC converters (which allow the ESSs and FC
to be connected to a common DC bus), and a shipload representing the vessel propulsion
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power demand and hotel load. Figure 1 below shows the block diagram of the structure
of the vessel’s hybrid power system. The power demand in a working cycle is shown
in Figure 2. This power demand will be considered the typical working cycle for all the
studied cases. The energy management system calculates the reference output power of
the FC system and converts it into the output reference current. This reference current
is used to control the FC DC/DC converter to output the reference current in constant
current mode. A filter is used to determine the reference of exchanged power between the
different ESSs and the DC bus. The time constants of this filter are adjusted according to
the determined rules. At the same time, variable sag slope control is used to equalize the
two lithium battery packs” SOC. These methods allow the control of the DC/DC converters

associated with each ESS.
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Figure 1. Block diagram of the structure of the vessel hybrid power system.
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Figure 2. Power demand in a working cycle (from [11]).
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3. Sag Control Strategy Based on SOC Equalization of Vessel ESS

3.1. Traditional Sag Control

360

Figure 3 shows the equivalent circuit of two energy storage modules connected in
parallel and supplying a common load. Rg;, Riinei, idci, and Uqe; represent the virtual

resistance, line resistance, output current, and output voltage of the ith DC/DC converter,
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respectively. Ugey, Uy, and Ryeaq represent the DC voltage on the grid side, converter
output voltage reference value, and load resistance, respectively. The corresponding
electrical equations of this equivalent circuit are shown in Equation (1).

{udcv = U;C - idcl(Rdl + Rlinel)

Ugeo = udc - lch(RdZ + RlineZ) W

ldc2

Figure 3. Equivalent circuit diagram of two energy storage modules connected in parallel.
Equation (1) arises from the output current relationship between the two DC/DC converters.
Riine1-Rap

ig1 _ R+ Rineo  Rpp | Riined — 'R

el = @)
ige Ra1 + Riinet Rt Ra1 + Riiner

The following requirements need to be met to provide a more accurate current distri-
bution (by satisfying the following Equation (3) to satisfy the current distribution mode
shown in Equation (4), the current control more explicit) between the converters connected

in parallel.
& _ Riine1

= ®)
Rz Riine
The output current relation between the two converters is
lacl _ Rap
A _ R—d )
Ldc2 d1
The deviation value of the bus voltage can be expressed as
AUge = igeiRiinei (i = 1,2) ©)

The choice of sag factor is a function of the maximum allowable bus voltage deviation
and the maximum allowable converter output current. AUy, is the maximum allowable
voltage dip of the bus, and 7., is the output current at full load of the converter.

Audcmax

Ldcmax

0<Rg < (6)

From the above equation, controlling the output current of the DC/DC converter can
be achieved by adjusting the virtual impedance of the converter.

According to the above theoretical analysis, the sag coefficient of each converter is
fixed if the conventional sag control is used. If the sag control factor or line impedance
is inconsistent, the equivalent output impedance of each converter is not equal, which
leads to the inconsistent output current of the converter, which puts the SOC of the energy
storage device in disequilibrium, as well as leads to excessive charging and discharging of
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the energy storage devices, shortening the service life of the energy storage devices, and
affecting the stability of the vessel microgrid.

Therefore, the sag factor must adaptively adjust according to the SOC of each energy
storage device to control the output power of the energy storage device.

3.2. Distributed Variable Sag Slope Control

The sag slope can be changed by changing the magnitude of the virtual impedance
in the sag control. By combining the dynamic compensation factor with the SOC of the
energy storage devices to construct a functional relationship, the energy storage devices
apply this variable sag slope control based on SOC equalization, which can make the SOC
gradually converge among the energy storage devices.

In parallel ESSs, the SOC equalization method can use centralized, decentralized,
and distributed control [16-19]. Among them, distributed control has higher reliability
and stability and can make energy storage equipment’s SOC equalization faster and more
accurate due to its high reliability and stability. Therefore, this paper investigates the
distributed variable sag slope control based on SOC equalization [20]. The principle of this
method is shown in Figure 4.
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Figure 4. Distributed variable sag slope control schematic.

Estimation of SOC energy storage is conducted using the classical coulomb counting
method with the following equation:

t
SOC(t) = SOC;(0) — —— [ et @)
essi /0
where SOC;(t) is the SOC value of the ith unit of the distributed energy storage at time t,
Cessi is the rated capacity of the i-th distributed energy storage unit, and i,; is the output
current of the i-th distributed energy storage unit.
The rate of change in the SOC can be obtained using the above equation,

SOCH(t) = — Lessi ®)

essi
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which leads to .
Uy, — Ugei

CessiRai
From the above equation, it can be seen that the SOC equalization of energy storage

devices can be achieved by dynamically adjusting the sag factor. The distributed variable
sag slope control equation is

s0Ci(t) = - ©)

Ugei = Uy, — Rsoci-iei (10)

where Rgoc; is the improved sag factor with the following expression:

Rsoci = Roksoci (11)

where Ry represents the initial sag factor, and kgoc; represents the dynamic compensation
factor of the sag factor. Combining Equations (10) and (11), the output current of the i-th
DC/DC converter is

Uy — Ui

12
Roksoci 12)

ldei =

The classical distributed variable sag slope control strategy based on SOC equalization

has a slow rate of equalization, as shown in [20]. The objective of this paper is to propose

an improved distributed variable sag slope control strategy for SOC equalization by adding

factors to the functional relationship between the dynamic compensation factor kgoc; and

the SOC of the energy storage device in order to better regulate the sag coefficient change

and to improve the speed and accuracy of SOC equalization. The improved expression for
the dynamic offset factor ksoc; is

4

soc, [soer=soeyp (SO —S0CH) . _
ke = 50C, ¢ s dci
S0c el (SOCT—SOCH)]

SOC [ SOCT—SOCH |+ ( .
socte PO oA , dgci >0

(13)

Equation (13) is defined using several tuning factors: ¢ is the initial velocity factor in
the SOC equalization, which affects the initial velocity of SOC equilibrium; « is the velocity
factor, which mainly affects the equilibrium velocity of the SOC;  is the accuracy factor,
which is mainly used to control the final accuracy of the SOC; n is the convergence factor,
which affects the convergence velocity and convergence effect of the SOC.

To simplify the derivation process, it is assumed that

= ‘ (1)
a|SOC! — SOC!| + B

If the process of discharging two parallel connected energy storage units is considered,
substituting Equations (11)—(14) into Equation (7) leads to

dt (15)

t SOC;(#) (U, — Uqei)
SOC;(t) = SOC;(0 —/ DA de — dd)
i(t) i(0) 0 CoagRoSOC, (£)eF 150G —S0C)

Considering Uge1 = Uger = Uge, Chatt = Cparz = Cpar, the difference in the SOC of
two distributed energy storage units is

ASOCy5(t) = SOC (t ) SOC,(t)

— S0C;(0) — SOC,(0) — ! o S0G((Us—Usa) g,

RoSOCa (B (socy—socy)
t SOC, (t) (U — Udcz)
0 CpatRoSOC, (t)ef2(50%H —50¢3)

(16)
dt
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The derivation of the above Equation (15) is

ASOCY, ()= SOG (1) (Uge — Usc) _80C(#) (Ug. — Uqc)
CpatRoSOC, (1)ef2(S0CG=50C3)  C - RySOC, (#)ef1 (SO ~50CT) W
_ (W —Us) [ SOGy(t)  SOCi(H)
T CpatRoSOC, (1) \ oR2(SOCI=SOC]) — ,F(SOC;—SOCT)

According to the above Equations (16) and (17), when SOC;(0) < SOC;(0), then
ASOCy;(t) < 0, ASOCi,(t) > 0. Similarly, when SOC;(0) > SOC;(0), then ASOCy,(t) > 0,
ASOC),(t) < 0. This means that ASOCy;(t) will gradually decrease to zero with time t (stable
process). The difference in the SOC between the two parallel connected energy storage units
gradually decreases, as shown in Figure 5.

ASOC,,(t)

A

\
SOC,(0) > SOC,(0)
\

N
\\>
=

~ t
s

/\

/ SOC, (0) < SOC,(0)

Figure 5. ASOCy;(t) convergence curve.

Under the assumption that Ry is a given value, the plot of ASOC versus Rgoc; is
shown in Figure 6 below for the process of discharging a distributed energy storage device;
when the #, {, a, or § factor is varied, the other three factors are fixed.
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Figure 6. ASOC as a function of Rgpc; for several factor set values.
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From Figure 6, we can see that when the energy storage device is operating in discharge
mode, energy storage devices with less power reduce the discharge current by increasing
¢ and decreasing 1, a, or  so that the sag factor is larger, whereas the energy storage
device with more power increases the discharge current by increasing the value of { and
decreasing 1, «, or § so that the sag factor is smaller.

According to Equation (13), when |ASOCY, | is larger, oc‘ASOC | > B, the equalization

speed is mainly affected by «, {, and n. When ‘ASOC | is small, tx‘ASOC | ~ 0, the

equilibrium velocity is mainly influenced by § and ¢. The 28% and gOC in Equation (13)

can also play the role of regulating the sag coefficient to different degrees

3.3. Stability Analysis

The stability analysis of a system applying distributed variable sag slope control with
improved SOC equalization is presented as an example of a vessel DC microgrid [21]. The
equivalent model of the i-th energy storage device for stability analysis is shown in Figure 7.
Gu.(s) = 57, o is the transfer function of the first-order low- pass filter, which is used to

simulate the filter link of the actual sampling module. G4(s) = s+—1 is the transfer function

1
(ts+1)
is the closed-loop DC voltage transfer function; in general, G¢(s) is approximately 1.

of the delay, which is used to simulate the control delay of the actual system. G¢(s) =

Figure 7. Equivalent model for stability analysis.

From Figure 7 above, the following equation can be obtained:

— 1 w,
Uqei(s) = Ug. — Rsocizr sroe (#ildei — 0Uac)) (18)
. — 17 — 1w . A .
udC] (S) - Udc RSOC] s+1 s+¢cuc (“]Udc] 5ud€l)
where
0 = Rlinej+Rload
1™ Riinei Riinej+Riinei Rioad +Riinej Rioad
N = Riinei+Rioad (19)
] RiineiRiinej+Riinei Rioad +Rilinej Rload
5 =

load
RlineiRlinej+Rlinei Rioad +Rlineleoad

In the above set of equations, Rjinej, Riinei, and Roaq are the j-th line impedance, the
i-th line impedance, and the load impedance, respectively. Combining Equations (10), (18),
and (19), the system characteristic equation can be derived:

as* +bs® +cs® +ds+e=0 (20)
where
a=1
b =24 2w,
¢ =1+4we + w? — (a; + aj) Rsoc (21)

d=2w.+ 2&)3 — (061‘ + Dé]) (14 we)weRsoc
e = w? — (a; + aj)w?Rsoc + (wiej — 62) (weRsoc)
The characteristic equation of the control system needs to satisfy the Routh stability

criterion: (a, b, ¢, d, e) > (0, 0, 0, 0, 0). The value of the sag coefficient is determined by
the Routh stability criterion and Equation (6).
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The root trajectory of the variation in the cutoff frequency w. and the sag coefficient
Rsoc; is plotted according to the parameters related to the stability analysis shown in
Table 1 below, as shown in Figure 8. From the graph, it can be seen that the dominant pole
and conjugate pole are on the negative half-axis of the real axis as the sag coefficient and
cutoff frequency increase, and thus the stability of the system can be guaranteed.

Table 1. Parameters related to stability analysis.

Parameters Value
Rioad 100 Q
Rlinei 20
Rlinej 10
Rsoci 0.1 ~080
We 20~100 rad/s
[T — : e ) . ‘
0.991 0.982 0962 093 084 06 Foor Py T o oa e
N [ /11 .
10 }0.997 A ©,:20~>100 6 ) Rsoe; 10.1>0.8
0997 %
4t :
£:0.999 . * |
é s . A S 2 ,lo9se *
e f
2 < |
2 130 100 80 60 40 20 /Lf N 2 g 50 40 30 20 10 ’13"14
£ ) 2
% = o =
i E 21 .
£ -5 10.999 I E 2 lo0ee ",
4t H
A 0997 ¥
10 0.997 L
¢ 4
0.991 0.982 0967 093 084 06 i 0.982 0964 093 084 06
M0 00 0 60 40 20 0 60 50 40 30 20  -10 o 10
Solid Axis Solid Axis
(a) (b)

Figure 8. Root trajectory diagram: (a) cutoff frequency change; (b) change in sag factor.

4. Energy Management Strategies for Marine Hybrid Power Systems

The energy management strategy for the hybrid vessel power system in this paper
is proposed based on the following three strategies: SOC supercapacitor operating mode
switching strategy, hybrid energy storage unit power allocation strategy, and hybrid FC
vessel energy management strategy. A working mode switching strategy is applied to
control the depth of charging and discharging of the supercapacitor; a hybrid power
allocation strategy for energy storage units is applied to improve the reasonableness of the
power allocation at the output of the energy-based lithium battery and the power-based
supercapacitors; the energy management strategy of the hybrid FC vessel is applied to
achieve the goal of reasonable hydrogen consumption and reduced life loss of the energy
storage equipment.

4.1. Operating Mode Switching Strategy Based on Supercapacitor SOC

In this paper, rules are proposed to prevent supercapacitors from charging and dis-
charging excessively, resulting in a shortened service life and performance. These rules
are based on switching between constant voltage and constant current charging and dis-
charging modes depending on the SOC value of the supercapacitors. These switching rules
are controlled by a hysteresis loop, which can prevent the supercapacitor from immediate
alternative switching when the SOC reaches the test value. Using hysteresis allows for
reducing the number of switches from one strategy to another. Figure 9 shows the operating
mode switching principle of the supercapacitor, and Figure 10 shows the hysteresis loop
switching principle.
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Figure 10. Supercapacitor operating mode hysteresis loop switching diagram.

4.2. Hybrid Enerqy Storage Unit Power Allocation Strategy

It is a critical issue to allocate the output power of FCs, lithium batteries, and superca-
pacitors and maintain the balance of instantaneous power between the system components
during a sudden change in load power. Considering the simplicity and efficiency of use,
first-order high- and low-pass filters are applied between the voltage and current loops in

this paper, as shown in Figure 11 below.

Lithium Battery

—» PWM

Ubat ref
- Voltage Low Pass Current
- .
Controller Filter Controller
USC ref .
- Voltage High Pass Current
S - . I
Controller Filter Controller

Supercapacitor

—» PWM

Figure 11. Control block diagram with filter added between the double closed loop.

In Figure 11, Uy, p and Ug s indicate the voltage reference values of the lithium
battery and the supercapacitor, respectively, while D indicates the duty ratio.
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Since the vessel hybrid system model built in this paper is a discrete simulation model,
the first-order filter transfer function has to be converted into a discrete form. The discrete
transfer functions of the low-pass and high-pass filters are as follows [22]:

1 T
Y(n) = X(n)+ —2L_Y(n—-1) (22)
R A T

T
Y(n) = e (X ()
where X (n) denotes the n-th sampling value, Y (n) denotes the n-th filter value, AT is
the sampling period, and T is the time constant. From the above equation, it can be seen
that the system can control the power of the energy storage device by adjusting the filter
time constant T.

In order to improve the reasonableness of allocating lithium battery and supercapacitor
power when the vessel’s charging power fluctuates, and to ensure that the vessel is able to
operate safely and stably for an extended period of time, in this paper, we adopt a power
allocation strategy with variable filter time constants. With this strategy, the vessel can
adjust the filter time constant based on the SOC and phase of operation of the lithium
battery and supercapacitor, and the rule of determination is given in Table 2 below.

X(n—1)+Y(n—1)) (23)

Table 2. Table of rules for variable filter time constants.

SOCess < sOcmin Socmin < SOcess < SOcmax SOcmax < SOCess
L Tpat = Tb_maxt Tvat = Tb_mediant Tvat = To_min1
Normal Navigation Phase at —max at -median at -min
& Tse = Tsfminl Tse = Ts_medianl Tse = Tsfmaxl
Port Call, Shore, and Offshore Phase Toat = Tp_maxz Toat = Tp_median2 Toat = To min2
Tsc = Ts_min2 Tsc = Ts_median2 Tse = Ts_max2

In the table, beminl < beminZ < bemedianl < bemedianZ < bemaxl < bemaxZI
Ts_min1 < Ts_min2 < Ts median1 < Ts_median2 < Ts_max1 < Ts_max2, SOCess for the energy
storage device’s own SOC.

Considering the load profile in Figure 2, in the vessel mooring, alongside, and offshore
stages where the load power sharply fluctuates, by convolving the time constants in both
the high- and low-pass filters, the supercapacitor will improve the speed of response,
increase the output power, and take on more high-frequency power. The lithium battery
will reduce the speed of response, and the high-frequency charging power it takes on will
be reduced. This method can achieve the effect of “Cutting the peak and filling the valley”.

This strategy makes full use of the characteristics of energy-type lithium batteries
outputting a higher amount of power for a long time to meet the energy demand of the
hybrid vessel. It also gives full play to the characteristics of power-type supercapacitors
outputting high-frequency power for a short time to improve the power quality of the
hybrid vessel system. Further, it also prevents the problem of increasing the discharge
power of low-capacity energy storage devices, leading to their over-discharge, shortening
their life, and affecting their performance.

4.3. Hybrid FC Vessel Energy Management Strategy

In this paper, two energy management objectives are considered, namely, equipment
lifetime and energy cost [23,24]. These two objectives are combined into the form of a
global objective of minimizing the power supply cost. The frequent fluctuation in the power
source power is one of the factors that reduces the service life, so the fluctuation value of
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power is taken as an objective function that affects the service life. The conventional vessel
energy management strategy constructed in this paper has the following objective function:

Cfc, sum
] min — Cbat, sum (24)

Csc, sum

where Ct. sum, Chat, sums Csc, sum are the total working costs for the FC, lithium battery, and
supercapacitor, respectively.

Cx, sum — Cx, life + Cx, eco (25)
u 2
Cx,life:mx Z(Px(t)*Px(tfl)) (26)
t=1
L V vE 2
Cre, eco = Y, Coy K"~V KE 7" (aPR(t) + bPi(t) + ) 27)
t=1
T
Cbat, eco — 2 Cbat, ope'Pbat(t) (28)
t=1
T
Csc, eco — Z Csc, ope'Psc(t) (29)

1

-
Il

where C, jife is the aging cost of the power generation equipment, m, is the aging cost
coefficient of the power generation equipment, Cy, ¢ is the energy consumption cost
of the power generation equipment, Py(t) is the output power of the power generation
equipment at moment ¢, Cyy, is the price of hydrogen, K"~V is the conversion factor of
mass to volume, KE~ is the conversion of energy to mass coefficient, a, b and c are FC
output power coefficients, Cpat, ope 1S the lithium battery operating cost, and Cs, ope is the
supercapacitor operating cost.
The constraints are shown in the following equation:

Pre + Poat + Psc = Pioad
Pfc, min < Pfc < Pfc, max
b bat, min < Pbat <P bat, max
Psc, min < Psc < Psc, max

(30)

The first constraint is the constraint of the vessel power balance to ensure the stable
operation of the vessel. The other constraints are related to the output power range of FCs,
lithium batteries, and supercapacitors.

The evaluation function formula is shown below:

Zmin = Ceco + A'Cfc, life B'Cbat, life T C'Csc, life T D'Pbal (31)
Ceco = Cfc, eco T Cbat, eco T Csc, eco (32)

2
Poal = (Pioad — Pc — Ppat — Psc) (33)

where Ceo is the total energy cost; A, B, and C are the penalty coefficients for the FC,
lithium battery, and supercapacitor aging costs, respectively; D is the penalty coefficient
for the vessel power balance; Py, is the vessel power balance function equation. Thus, the
larger the value of each power supply aging cost and power balance functional equation,
the larger the value of each penalty coefficient.

The conventional vessel energy management strategy built in this paper considers
only the power generation equipment’s energy cost and power output fluctuation. The
problem of deep-discharging energy storage equipment also needs to be taken into account.
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A deep discharge depth accelerates the life shortening of energy storage equipment and
affects its performance [25,26]. The battery’s depth of discharge is typically between 0.2
and 0.8 in real engineering. As an example, the number of possible cycles in the lifetime
versus the discharge depth is presented in Table 3 for a typical lithium battery pack [26].

Table 3. Relationship between the depth of discharge of a lithium battery and its cycle life.

Discharge Depth Cycle Life/Time
0.2 50,000
0.4 14,000
0.6 8000
0.8 6000
1 4000

The energy storage device life daily loss function equation is expressed by the ratio of
the number of times the energy storage device is charged and discharged in a day to its

entire cycle life [25].
N

/= N
where Ngum is the total cycle life of the energy storage device, and N is the number of times

the energy storage device is charged and discharged within a day, which is expressed by
the total output power of the energy storage device and its rated capacity within a day.

(34)

_ | Pessdt
Qess

where Pegs is the output power of the energy storage device, and Qess is the rated capacity
of the energy storage device.

The low capacitance of the supercapacitor makes it easy to change its SOC value com-
pared to a lithium battery. This paper improves the vessel energy management strategy by
combining lithium battery charge-state-based determination rules with the PSO algorithm.
Table 4 shows the rules for this improved strategy. The upper and lower limits of the
output power of each generation device will be changed according to the SOC value of
the lithium battery using a hysteresis loop, as shown in Figure 12. Figure 13 shows the
flowchart for the method combining the lithium battery SOC-based determination rules
with the PSO algorithm.

N (35)

Table 4. Improvement strategy table.

FC Output Power Lithium Battery Output Power Ultracapacitor Output Power
State = 1 [Pfcminl ’ Pfcmaxl] [Pbatminl ’ Pbatmaxl] [Pscminl ’ Pscmaxl]
State =2 [P fcmin?2 - Db fcmaxZ] [Pbatmin2 , B bat‘maxZ] [P semin2 s P scmax2]

A

state = 2 f------mooeees

state = 1

SOC bat S.OC bat »
SoC

min max

Figure 12. Upper and lower output power switching diagram for each power generation device.
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Figure 13. Flowchart of the global rules of PSO.

In the optimization of the objective function using the PSO algorithm, the power
exchanged with the DC grid for FCs, lithium batteries, and supercapacitors is used as
three particles with different ranges, i.e., the upper and lower limits of the output power
of the three power sources are different. The output power’s higher and lower bounds of
the three power supplies are adjusted based on the SOC value of the lithium battery for
charging /discharging the energy storage device.

The improved strategy allows the vessel to operate steadily at any stage. At the same
time, according to the SOC value of lithium batteries and the load power of vessels, the
optimal power value of FCs is calculated reasonably to prevent energy storage equipment
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from deepening the discharge depth, increasing loss, and over-discharging. The strategy
also provides sufficient power for the vessel’s energy storage equipment to discharge in
time during the load power surge phase and ensures the stability of the vessel bus voltage.

5. Analysis of Simulation Results
5.1. Analysis of Simulation Results of SOC Equalization Strategy for ESS

A simplified simulation model of the container system was constructed on the basis of
Figure 14 using the simulation module of Simulink in Matlab/Simulink. The power side
consists of an FC module and three parallel connected lithium battery modules. According
to the parameters given in Table 5, the distributed variable sag slope control method based
on SOC equalization and the improved SOC equalization method are used for the energy
ESS to compare and verify the effectiveness of these two methods in equalizing the SOC
under both the charging and discharging operation modes of the load [20], as well as the
effectiveness of the load system.

560V DC BUS
Lithium Battery

ﬁ— B'd'rzz::l:::;rmmc Y, Fuel Cell System
—— Unidirectional Dc/bc |—— M
] Converter N = pALAR

E] | Control led Load
Lithium Battery |

Bidirectional DG/DC —
Converter ——A

Figure 14. Simplified simulation model of the vessel system.

Lithium Battery
7T\

Bidirectional DC/DC
Converter

Table 5. Table of simulation parameters for applying sag control.

Parameter Name Take Value Parameter Name Take Value
Lithium Battery Voltage 240V Initial Sag Factor 0.01 0
Rated Capacity of Energy
DC Bus Voltage 560 V Storage Module 5 Ah
Input-Side Capacity 200 uF Output-Side Capacity 4 mF
Inductance 5mH Switching Frequency 10 kHz

In order to quickly observe the equalization effect of the adopted algorithm, the
nominal capacity of each lithium battery module is set to 5 Ah. In the simulations presented
in this paper, the effects of the line impedance, sampling filtering, and communication
delay are ignored. As a means of analyzing the dynamic performance of the ESS under
power fluctuations when equalizing the SOC with distributed variable sag slope control,
the data for the load and FC power variations in this paper are set according to [9].

Figures 15 and 16 below show the simulated waveforms of the ESS discharging and
charging for variations in the power of the load and FCs, respectively. In Figure 15, the ESS
operates in a discharge mode and adopts distributed variable sag slope control on the basis
of SOC equalization. In the simulation of 200 s, the SOC values and output power of the
three lithium batteries gradually converge. On the other hand, the lithium battery with an
initial SOC value of 70% converges to a different value compared to the other two lithium
batteries. Att =136 s, the three lithium cells’ SOC values and output powers converge to
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t=50s, and as the charging power is increased from 24.1 kW to 39.2 kW, the output power
of the three lithium cells is increased to maintain the stability of the bus voltage, and the
bus voltage changes abruptly to 554 V and then recovers rapidly to 560 V. At 120 s, when
the power output of the FC increases from 18.8 kW to 29.4 kW, the output power of the
three lithium batteries is reduced to maintain the voltage stability of the bus, and the bus
voltage decreases to 559 V, then increases to 564 V, and finally recovers back to 560 V.

95
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Figure 15. Simulation waveform of discharge under load and FC power variation. (a) SOC sag control,
lithium battery SOC waveform; (b) improved SOC sag control, lithium battery SOC waveform;
(c) SOC sag control, lithium battery power waveform; (d) improved SOC sag control, lithium battery
power waveform; (e) SOC sag control, bus voltage waveform; (f) improved SOC sag control, bus
voltage waveform.

In Figure 16 below, the ESS is in a charging mode with distributed variable sag slope
control based on the SOC equalization for the lithium batteries. The values of the SOC
and power output of the lithium battery with distributed variable sag rate control with
enhanced SOC equalization converge at t = 126 s. Att =50 s, as the charging power
increases from 24.2 kW to 44.8 kW, the three lithium batteries reduce the power absorption
of the FC to stabilize the voltage of the bus, and the bus voltage changes abruptly to 554 V
and then recovers rapidly to 560 V. At t = 120 s, the FC output power increases from 60.5 kW
to 72.4 kW, when the FC output power increases from 60.5 kW to 72.4 kW, the three lithium
batteries increase the absorbed FC power to stabilize the bus voltage, and the bus voltage
decreases to 555.4 V, then increases to 564 V, and finally recovers back to 560 V.
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Figure 16. Simulation waveform of charging under load and FC power variation. (a) SOC sag control,
lithium battery SOC waveform; (b) improved SOC sag control, lithium battery SOC waveform;
(c) SOC sag control, lithium battery power waveform; (d) improved SOC sag control, lithium battery
power waveform; (e) SOC sag control, bus voltage waveform; (f) improved SOC sag control, bus
voltage waveform.

Consequently, both methods of variable sag slope control can control the DC bus
voltage to fluctuate consistently within a reasonable range and quickly recover to the
nominal value under varying load power and FC voltage. On the other hand, the distributed
variable sag slope control method with improved SOC equalization can more reasonably
distribute the output power and equalize the SOC values between the energy storage
modules more quickly and accurately.

5.2. Analysis of Simulation Results of Power Distribution Strategy of Hybrid Energy Storage Unit

This paper uses the data in Table 6 to compare energy storage unit power allocation
strategies with the application of fixed and variable filter time constants, and also to
compare the energy management strategies for hybrid FC vessels with and without taking
into account the depth of discharge of lithium batteries, through the analysis of relevant
data from the simulation model of the hybrid power system of the vessel to verify the effect
of the strategies proposed above.
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Table 6. Parameter setting table of the simulation model of the vessel hybrid power system.

Category Parameter Numerical Value
DC Bus Nominal Voltage 560 V
Nominal Power 100 kW
FC Current Loop Controller (P/I) 21.92/6232.88
Nominal Capacity 2 x 50 Ah
Nominal Voltage 240V
Lithium Battery Voltage Loop Controller (P/I) 3.5/525
Current Loop Controller (P/I) 21.92/6232.88
Initial Value of Sag Coefficient 030
Nominal Capacity 63 F
Nominal Voltage 250V
Voltage Loop Controller (P/I) 3.5/52.5
Supercapacitor Current Loop Controller (P/I) 21.92/6232.88

Constant Current Discharge

Reference Current 40 A
Constant Current Charging 40 A
Reference Current
Load Load Power 4.45~110 kW

Under the application of the distributed variable sag slope control strategy with
improved SOC equalization, this section applies the power allocation strategies with
fixed and variable filter time constants to compare and analyze the simulation results of
the power allocation strategies of the two hybrid energy storage cells. According to the
relevant dataset in the reference, the FC output power is constant at 20 kW, SOCynin = 30%,
S5O0Cmax = 80%, and the high- and low-pass filter time constants in the fixed filter time
constant method are 5.

Comparing the output power of each power supply shown in Figures 17 and 18 above,
the load power fluctuates within 90~200 s. Compared with the power stability stage, there
is a large fluctuation in power, which we call high-frequency power fluctuation. The lithium
battery applying the variable filter time constant method in the power fluctuation phase
manages less high-frequency power than the supercapacitor applying the fixed filter time
constant method, while the supercapacitor applying the variable filter time constant method
manages more high-frequency power than the supercapacitor applying the fixed filter time
constant method. Combined with Figures 19-21 above, during the power fluctuation phase,
the system increases the high-pass and low-pass filter time constants according to the load
power, the load power change rate, and the ESS’s SOC value. This is carried out so that the
high-frequency power borne by the supercapacitor increases and the high-frequency power
borne by the lithium battery decreases. At 279 s, the supercapacitor SOC value is lower than
SOC_min, the system reduces the high-pass filter time constant, and the supercapacitor
output power decreases accordingly, as shown in the power curve.

Thus, the simulation model can automatically adjust the filter time constant according
to the different operation stages of the vessel and the SOC of the energy storage device,
giving full play to the operational characteristics of the energy-type lithium battery and the
power-type supercapacitor, and, at the same time, it can prevent the low-capacity energy
storage device from increasing the discharge power, which leads to its over-discharge,
shortens its life, and affects its performance.



J. Mar. Sci. Eng. 2023, 11, 398 19 of 25

120

~ —Pfc
100 |- P \ ——Pbat ||

H : —Psc
80 ] \ ==~ Pload] |

Power(kW)

0 40 80 120 160 200 240 280 320 360
Time(s)

Figure 17. Power curve for a fixed filter time constant.
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Figure 18. Power curve with variable filter time constants.
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Figure 19. Variation in filter time constants for energy storage devices.
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Figure 20. Comparison of the change in the SOC value of the lithium battery: (a) fixed filter time
constant; (b) variable filter time constant.
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Figure 21. Comparison of the supercapacitor’s SOC value change under constant and variable filter
time constants.

5.3. Analysis of Simulation Results of Enerqy Management Strategy for Hybrid FC Vessels

In this paper, the energy management strategy of hybrid FC vessels is simulated using
the dataset in [11,13,24]. The two initial lithium battery SOC values are set to 25% and
35%, SOCpat, = 30%, SOCEY = 20%. SOChigh = 90%, SOCer1 = 80%, SOCrepy = 45%,
and SOCj,,, = 20% are set to switch the supercapacitor working mode accordingly. This
paper considers the rate of change in the FC output power and the power range for its
efficient operation. The FC's efficient operation should keep its output power within 10%
to 90% of its maximum output power. In the PSO algorithm, the number of populations
is 150, the number of iterations is 300, wmax iS 0.9, wWmin is 0.4, c1 is 1.2, and ¢, is 0.8.
According to the reference [27], the price of hydrogen is about 0.15 USD/kWh, the cost of
lithium battery operation is 0.045 USD/kWh, and the cost of supercapacitor operation is
0.035 USD/kWHh. Therefore, although FC operation can reduce the emission of pollutants,
it requires reasonable hydrogen consumption due to its high price. According to the
evaluation function of Equation (31), the PSO algorithm is applied to solve the optimal
value of the objective function described above, and the FC output power with the optimal
value of the objective function in the two strategies is used as the reference power and is
converted into the FC reference current. It is shown in Figure 22 below.

—— Improved Vessel Energy Management Strategy
— Vessel Energy Strategy

rent for Fuel Cell(A)

Time(s)
Figure 22. FC reference current curve.

In both strategies, the aging cost and energy cost are the optimization objectives, and
the improved vessel energy management strategy further considers the depth of discharge
of lithium batteries, unlike the conventional strategy. In order to prevent the lithium
battery discharge depth from exceeding 80%, the FC system, under the improved strategy,
increases the output power by increasing the hydrogen consumption to control the lithium
battery discharge depth and reduce its life loss. In Figure 22, the FC output current slowly
increases from 23 A to 159 A under the improved strategy. Analyzing Figures 23-25, the
SOC values of both lithium batteries in both strategies converge at the simulation time of
188 s and remain the same in the subsequent time. The system applies the improved vessel
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energy management strategy, and the SOC value of the lithium battery drops to SOC,;,,
at 280 s. To prevent the lithium battery from discharging beyond the specified depth of
discharge, the particle swarm search space in the PSO algorithm changes to the size of
state 1, and due to the slow response of the FC, the FC output power needs to increase
in advance. According to the evaluation function solution, the lithium battery SOC value
is below 20% when the optimal value of the FC output power is 55 kW, which starts to
grow slowly at 229 s. The FC with increased output power not only bears the load power
of the vessel in the normal sailing stage but also charges the energy storage equipment to
provide sufficient high-frequency power in time for the vessel in the power fluctuation
stage without seriously affecting its service life. Moreover, under the conventional vessel
energy management strategy, after 260 s, the lithium battery with a SOC value of 20%
continues to discharge, which can reduce hydrogen consumption in the FC system but
deepen the discharge depth of the lithium battery, affecting its own service life.
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Figure 23. Power curve under the conventional vessel energy management strategy.
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Figure 24. Power curve plot with the improved vessel energy management strategy.
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Figure 25. Variation in the SOC value of two lithium batteries under different strategies: (a) conven-
tional vessel energy management strategy; (b) improved vessel energy management strategy.
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From Figures 26 and 27, it can be seen that the supercapacitor first works in constant
voltage mode, and at the simulation time of 216 s, the supercapacitor SOC value drops to
S5OCjyy- The supercapacitor switches from constant voltage to constant current charging
mode, and the lithium battery increases the output power to charge the supercapacitor in
the conventional vessel energy management strategy. In contrast, the lithium battery first
increases. In the improved vessel energy management strategy, the lithium battery output
power first increases to charge the supercapacitor. At 229 s, the FC starts to increase the
power gradually. The lithium battery power gradually decreases. At 285 s, the FC assumes
the shipload power solely and charges the lithium batteries and supercapacitors. At 316s,
the SOC value rises to SOC,.f,, the supercapacitor switches back to constant voltage mode
from constant current charging mode, the lithium battery output power decreases, and the
supercapacitor output power increases under the conventional strategy. In contrast, the
supercapacitor absorbs less power, and the lithium battery absorbs more power under the
improved strategy.
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Figure 26. Variation in the SOC value of the supercapacitor with different strategies: (a) conventional
vessel energy management strategy; (b) improved vessel energy management strategy.
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Figure 27. Variation in the supercapacitor output current under different strategies.

Generally, the bus voltage fluctuation range is 5% of the rated voltage, and the maxi-
mum does not exceed £10%. From the bus voltage fluctuation in Figure 28, it can be seen that
the bus voltage fluctuation reaches up to 579 V in the conventional strategy and up to 570 V
in the improved strategy, and the bus voltage pulsation is within a reasonable range.



J. Mar. Sci. Eng. 2023, 11, 398

23 of 25

Bus Voltage(V)
n oo ¢
>
&
t
@
&

@
-3
S
S
o
=4
S

40 80 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280 320 360
Time(s) Time(s)

(a) (b)

Figure 28. Bus voltage fluctuation graph for different strategies: (a) conventional vessel energy
management strategy; (b) improved vessel energy management strategy.

The “Alsterwasser” excursion vessel takes half an hour to travel from Finkenwerder
to Landungsbrucken with four stops in between, and the “Alsterwasser” excursion vessel
works 8 h a day [24]. The hybrid FC vessel applies conventional and improved energy
management strategies. The hydrogen consumption and lithium battery life loss in one
day under both strategies are calculated according to the equation 7. = leajl\sz for the
instantaneous hydrogen consumption of the FC, as well as Equation (34) [28]. The results
are shown in Table 7 below.

Table 7. Comparison of the results of each index before and after considering the depth of discharge
of lithium batteries.

Conventional Vessel

Indicator Energy Management Strategy Improved Vessel Energy Management Strategy
Hydrogen Consumption/g/day 3200 4032
Life Loss 29 x 1073 1.83 x 1073

As shown in Table 7, although the vessel consumes 832 g more hydrogen than the
conventional energy management strategy when applying the improved energy manage-
ment strategy, the lithium battery life loss is relatively reduced by 36.9%, which effectively
extends the life of the lithium battery. Although the price of hydrogen will gradually
decrease with the continuous improvement of hydrogen production technology in the
future, the processing of lithium batteries is still a problem.

6. Conclusions

Considering the problem that the SOC equalization method used in the problem of
the SOC imbalance of vessel energy storage equipment is likely to lead to the overcharging
and discharging of energy storage equipment and early withdrawal from work, this paper
proposes a distributed variable sag slope control strategy. This strategy can improve SOC
equalization and the relation of functions between the dynamic compensation factor and
SOC of energy storage equipment. This paper proposes an energy management strategy for
a vessel hybrid power system, combining the operating mode switching strategy based on
the supercapacitor’s SOC, the power allocation strategy with a variable filter time constant,
and the energy management strategy for a hybrid FC vessel.

The simulation results show that the equalization speed and accuracy of the SOC of
the vessel energy storage equipment are improved. The charging and discharging depths
of the supercapacitors are reasonably controlled. The reasonableness of the output power
distribution of different energy storage devices when the load power fluctuates is improved.
The goals of achieving reasonable hydrogen consumption and a reduction in the life loss of
energy storage equipment are attained.
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