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ABSTRACT The electrified hybrid shipboard power system with high-level integration of renewable energy
resources and energy storage system has become the new trend for the all-electric ship (AES) configuration.
However, the traditional rule-based energy management system (EMS) is not able to fulfill the increasingly
complex control requirements, and a more advanced EMS control algorithm is required to handle the multiple
power sources and even achieve optimal energy management control. This paper proposes a supervisory-level
EMS with an improved adaptive model predictive control (AMPC) strategy to optimize the power split
among the hybrid power sources and to reduce the total cost of ownership (TCO) of vessel operation, which
considers not only the fuel and emission costs but also the power source degradation. In order to achieve real-
time implementation, the AMPC-based EMS software has been developed and deployed to a programmable
logic controller (PLC) hardware. The prototyping controller verification tests have been performed with a
hybrid fuel cell-fed shipboard power system hardware-in-the-loop (HIL) plant in the lab environment. Three
typical tugboat load profiles with power fluctuations are implemented as case studies. Lastly, a cost study was
performed to compute the economic benefits for a ten-year long-term vessel operational cycle. The proposed
AMPC-based EMS is robust and effective, which can achieve up to 12.19% TCO savings compared to those
of a traditional rule-based control strategy.

INDEX TERMS All-electric ship, hybrid shipboard power microgrid, adaptive model predictive control,
energy management control system.

I. INTRODUCTION

With increasingly strict environmental rules and regula-
tions [1], [2], the all-electric ship becomes one of the most
promising solutions to comply with these new requirements.
The DC-grid shipboard power system has shown its advan-
tage of higher efficiency in power distribution and allows for
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more flexible designs and modes of operation that simplify
the integration of different types of renewable power sources,
such as fuel cells and batteries. However, this type of hybrid
power integration has greatly increased the complexity of
the power system and control requirements [3]. The energy
management system (EMS), the essential control system for
marine vessel operation, is the brain of a shipboard power
system to handle different aspects of vessel operations. The
traditional EMS, usually with a rule-based control strategy,

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

110342

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 11, 2023


https://orcid.org/0000-0002-9126-7805
https://orcid.org/0000-0002-0064-3386
https://orcid.org/0000-0003-2786-6261
https://orcid.org/0000-0003-0074-5101
https://orcid.org/0000-0003-0961-8758

W. Chen et al.: Robust Real-Time Shipboard Energy Management System

IEEE Access

has limitations in managing the multiple power devices
operation, as well as considering fuel efficiency, reducing
emissions and extending the device lifetime. An advanced
energy management control algorithm is required to handle
the increasing complexity of the power system under different
operation modes, and also to achieve optimal control.

A hierarchical control scheme has been widely accepted
as an industrial standard for shipboard EMS [4]. In this
multilevel control framework, the primary and secondary
control levels handle the instantaneous load sharing among
the hybrid power devices and system local coordination,
which has been explored in the authors’ earlier research
work [5]. In this study, a tertiary-level EMS is proposed to
optimize the power allocation for hybrid power devices and
minimize the total cost of ownership (TCO) for a shipboard
power system.

According to optimization theory, tertiary-level energy
control can be classified as rule-based or optimization-
based EMS [6]. The researchers presented in-depth reviews
of marine energy management systems [7], [8], [9]. Rule-
based EMSs have been widely used in the marine industry.
Nonetheless, their performance is largely contingent on the
researchers’ knowledge and engineering experience. Rule-
based systems encounter challenges in achieving the optimal
control [10]. Global optimization EMSs are typically unsuit-
able for real-time control, as prior operation information is
generally unattainable. Thus, the global optimization EMSs
are usually employed to validate the control strategies [11].
Equivalent consumption minimization strategy (ECMS) is
a real-time optimization-based algorithm. Yet, it is only
focused on fuel consumption without considering the energy
reserved for the future or degradation of energy sources [12].
Model predictive control (MPC) is capable for handling
constrained multi-variable problems with system estimation
features and has been extensively implemented in land-based
or electric vehicle (EV) power management applications [13].
Nevertheless, marine power systems differ significantly
due to frequent load fluctuations and abrupt disturbances
originating from the oceanic environment. Shipboard power
system has its own special features and requirements, and
MPC is one of the most promising optimal control strategies
for marine applications.

In [14], the researchers presented an MPC-based ship
power management controller to coordinate sources and
loads based on future demand dynamically. A shipboard
centralized MPC is proposed to optimize the coordination
of the energy storage and diesel gen-sets (DGs) [15].
Hou et al. [16] designed pre-filtering MPC and coordinated
control MPC method for ship power system to address the
power flow tracking between super-capacitors and battery
devices, and at the same time to achieve energy saving under
various operating constraints. In [17], the MPC algorithm is
combined with particle swarm optimization (PSO) control
for the ship power management to achieve power-sharing
between different power sources and maintain the DC voltage
stability. An adaptive MPC algorithm was developed in [18]
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to handle the marine load fluctuations, improve system
efficiency and reduce mechanical wear and tear. A financial
model has been proposed to minimize the system operation
cost, including hydrogen fuel cost and the cold-ironing
cost [19], [20].

The main benefit of the MPC approach lies in its capacity
to optimize the present time slot while also considering
upcoming time slots. This inherent ability allows it to adapt
well to highly dynamic systems. While MPC-based strategies
are effective, most existing works only focus on one or two
control criteria, aiming to enhance either system efficiency or
dynamic performances. However, there is a gap in the field for
a multi-objective optimization EMS, one that addresses not
only dynamic power supply but also optimal fuel efficiency,
emissions reduction, and overall power device preservation.
Moreover, in real-time implementation, ensuring robust
control performance amidst frequent load fluctuations and
sudden disturbances poses a significant challenge.

In this paper, an adaptive model predictive control
(AMPC)-based approach has been proposed to achieve
multi-objective energy management control. Compared to
existing studies on hybrid shipboard EMS control, the main
contributions of this paper are as follows:

o An improved real-time EMS based on AMPC is pro-
posed to provide an optimal power allocation between
different power sources of the hybrid shipboard power
plant to achieve minimum costs and in a novel control
architecture for marine systems.

« A prototyping EMS controller has been developed and
deployed to a programmable logic controller (PLC)
hardware, and verified with a hardware-in-the-loop
(HIL)-based plant.

o A case study is conducted on a targeted tugboat to
validate the robustness of the proposed EMS control
performance using three typical operational shipload
profiles with power fluctuations.

o The control performance is measured through economic
benefits that incorporates not just fuel efficiency, but
also emission limits and power devices lifetime. Prior
researches have been more focused on a single control
criteria. A cost study is performed and the total cost of
ownership for 10 years of long-term vessel operation
has been calculated and compared with traditional EMS
approaches.

This paper is organized as follows: the hybrid shipboard
power system model is built and the shipload profile is
defined in Section II. The proposed AMPC-based optimal
EMS is presented in Section III. The HIL verification tests
and a cost comparison study are performed and analyzed in
Section IV. Conclusions are finally drawn in Section V.

Il. SHIPBOARD POWER SYSTEM PLANT MIODEL

A. SHIPBOARD POWER SYSTEM CONFIGURATION

In this study, a DC-grid hybrid shipboard power system is
configured and modeled to verify the proposed EMS control
performance. The parameters of the power devices refer to
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FIGURE 1. DC-distributed shipboard power system single line diagram.

those of tugboat from the Flagships project. The flagships is
a commercial project of ABB, who provides the power and
propulsion solution [21]. The demo shipboard power system
configuration single line diagram is shown in Figure 1.
Due to the marine special reconfigurability and redundancy
requirements, this shipboard power plant comprises two sets
of 200kW fuel cells, two battery arrays with capacity of
113 kWh each and two 410kW DGs as the back-up power
sources.

This plant model operates on a HIL platform. The dynamic
performance of each power system component is validated
against a full-scale actual power plant facility presented in
the authors’ previous work [5].

B. HYBRID SHIPBOARD POWER SYSTEM MATHEMATICAL
MODEL
The mathematical model of the demo shipboard power
system is built in this section, which includes the fuel cells,
batteries, and DGs as the power sources. The propulsion
load and ship hotel loads of the vessel are represented with
controllable current sources. The system model is given as
follows.
1) Fuel cell model:
The proton-exchange membrane fuel cell (PEMFC) is
the most mature technology over other types of fuel cell
and is configured as the main power supply device in
this study. The voltage of a PEMFC elementary cell can
be written as follows [22]:

ey
@

Vcell = Enemst — Vact — Vconc ohm

Vie = Npe X Veenr
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where V.. is the voltage of a PEMFC elementary
cell, Epemns: 1s the equilibrium voltage, Ve is the
activation over-potential, V,,. is the concentration
over-potential, Vopy, is the ohmic over-potential, V. is
the voltage of PEMFC stack, and Ny, is the number of
cells in series.
Diesel gen-set (DG) model:
DGs serve as the back up power in this demo system.
The system consists of four main sections: fuel injec-
tion and diesel engine,synchronous generator (SG),
governor, and automatic voltage regulator (AVR) [23].
The mathematical models of each part of DG are
formed as follows:
o Fuel injection and diesel engine is presented by a
time delay and the coupling shaft model, as in [24],
[25]. The simplified model in s domain is given by

Ty (s) _ K.y - e lds

= 3

Uy (S) tes + 1 L
dwp

Jeg - dt =Tn—T.— kfeq T Wm “4)

where w, is the mechanical speed, u, is the
control signal from the speed governor, T, is the
mechanical torque developed by the engine, J, is
the equivalent inertia of the entire system, kg, is
the equivalent friction coefficient, K, is the engine
gain, t4 is a delay representing the time elapsed
from the fuel injection until the torque is developed
at the engine shaft, and 7, is the time constant of the
fuel injection.

o Synchronous generator (SG) is considered without
damper windings for the sake of simplifying the
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model. And its d_q rotating reference frame is TABLE 1. Parameters for the DC-distributed demo vessel.
given by Fuel cell [26]
. . diy dif Rated power (Py,) 200 kW
Vi =—rs-ig+ Lq cWe g+ Lg- E + Msf : E Operating power range (Pc,i_min—max) 20-180 kW
Operating voltage (Vi) 355-577 VDC
(5) Rated current (fc,i) 514 A
) ) diq Fuel cell efficiency (i) 0.99
Vo=—rs-ig— Ly -we-ig+Ls- — Fuel cell time constant (77,;) 63s
dt Fuel cell device cost (Cr.) USD 2100/kW
of * We - If Ho fuel cost (Cy. g
+ My if (6) fuel (Chy) USD 12/k
. if diy Diesel-genset [27]
Vf =7 df F Lf ’ E — Mf - E ) Rated power (Pgen,i) 410 kW
. . . . Nominal voltage (Vapc) 400 VAC
Te=(La—Lg)-ia-ig+My-iq-ir ®) Nominal current (Zyp ) 592 A
. . Genset efficiency (9gen,i) 0.965
where Vj, Vy» ia, iy are the output voltages Genset time constant (Tgen.7) 331s
and currents in the d-q rotating reference frame 410kW DG device cost (Cgen) USD 500,000
respectively, V; and iy are the field excitation MDO fuel cost (Cupo) USD 350/MT
. GHG emission penalty (Cguc) 10% of Cypo
voltage and current respectively, 7y and ry are Batiories 28]
. . . . . . atteries
the stator winding and field winding internal =
. ivelv. L dL h Capacity (Qy) 113 kWh
.resmtances .respectlve.y, 4 an Ly are t.e stator Max. charge and discharge rate (Cpar.) 7C
inductance in the d-axis and g-axis respectively, Ly Battery efficiency (1 .;) 0.98
is the inductance of the field, My is the mutual Operating state of charge range (S0Cpin—max) 10%-90%
: - T Depth of Discharge (DoD) 0.8
inductance between the field winding and the Battery device cost (Cpar) USD C50/EWE

d-axis stator winding, and 7 is the electromagnetic

System-level parameters [21]

torque. . . . . Sample time (7) 0.1s
o Governor is responsible for regulating the engine DC-bus voltage (Vo) 530 VDC
speed and maintaining the constant output fre- Drive-train efficiency (14) 0.945
quency within the desired limits under different Drive-train time constant (74:) 0265
loading conditions. This governor also has the
structure of a PI controller with the droop function
implemented. This model can be given by 3) Battery model:
K, Batteries are used to enhance the dynamic performance
Uy = (W}, — Wen — Kar freq - o) (Kp, + T“’) and shave the peak loads of the power system. The

open circuit voltage (OCV) is defined distinctively for

©) discharging and charging at a specified state-of-charge
where Kp, and Kj, are the proportional and (SoC) due to the hysteresis effect [29]. The total voltage
integral gains of the governor PI controller, and drop from OCV is then modeled here based on the
wen is the engine nominal speed and w?, is the first-order equivalent circuit to account for the internal
reference, and kg fieq is the speed droop gain that resistance and polarization (OCV relaxation).

equals (Mg - wen), and my; is the static droop slope.
o Automatic voltage regulator (AVR) is to man-
age the terminal voltage (U,) of the SG under
different load conditions. This AVR is modeled
as a first-order system, representing a power
converter controlled by a PI controller [23], and is

Vierm = Vocv — IR. — Vp, (12)

where Vi is the terminal voltage of the cell, Vocy is
the cell OCV, [ is the current rate of the cell (positive
for discharging and negative for charging), R, is
the electrical resistance (responsible for instantaneous

iven b
given by voltage drop together with Cp, after the application of
keony load) and V), is the voltage drop across the polarization
V= ——— - (Uy — kar vV, 10 L - .
I teoms + 1 G = kars¥Vp) — (10) circuit. At any instant, V), across the parallel RC circuit
Ky, N is represented by the voltage drop acrossR;, or C,. So,
Uy = (Kpy + T) (Ve = Vo) an the equation can be arranged by
where Kp, and KJ, are the proportional and integral V(1) dv,(t)
gains of the AVR PI controller, k.., and ..y, are R Gy dr =1(1) 13)
the converter gain and time constant, and V,* and b
V; are the reference and measured RMS output where the total circuit current I of I, and I¢p, Igp is
line voltage. kg, is the DC voltage droop rate for the current across polarization resistance, and /¢y, is the
DC-distributed power system. current across polarization capacitance.
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Transfer function after Laplace transform is as

R,
Vo(s) = I(s)———— 14
p(s) = (s)1+RC (14)
So that the steady-state response of terminal voltage
Vierms—s t0 a given current is given by

Vierms—s = Vocv — I(Re + Rp) = Vocv — IR; (15)

where R;; = R, + Ry, is the total cell internal resistance.
Battery SoC is intrinsically divided into two types:
instantaneous SoC (SoCj,;) and nominal SoC
(S0Chom), both based on Ak counting. Nominal
SoC is derived from nominal capacity based on
standard discharging conditions as suggested by the
manufacturer, while instantaneous SoC is based on the
available instantaneous discharge capacity given by:

Istep(ti— 1 )tstep

S0Crom(ti) = SoCpom(ti—1) — (16)
Chrom
1 = So0Chom(ti—1))C
S0Cins (1) = ( 0Crom(ti-1))Crom
Cstepavail (ti-1)
. Istep(ti—l)txtep (17)

Cstepavail (ti-1)

where, Iy, is the current at a given time step,
Isep 1S the sampling time of battery management
controller, and Cgepavair 18 the capacity available for
Isep. Instantaneous SoC is useful in indicating the
capacity available at a given time step and operating
conditions.
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4) System Measurement:
The system model is capable of generating data for the
fuel consumption, emissions and power device lifetime

count.
o Hydrogen (H») fuel consumption during the oper-
ation period is given by

Iy

FCuw = [ oiuPoar (9

1o

where FCp, is the fuel consumption of hydrogen,

fo and fr are the beginning and the end time

stamp of ship operation respectively. mij, is the

specific device hydrogen flow rate (g/s) at loading

condition of Pp ;. The device efficiency and

hydrogen flow rate are almost a linear function of
the loaded power, as shown in Figure 2.

e Marine diesel oil (MDO) fuel consumption is
totally different from the hydrogen fuel with fuel
cell devices. As shown in Figure 3, the specific
fuel consumption (sfc) for a marine diesel engine
system can be written as:

sfc = P_B (19)

where niy is the fuel flow rate in kg/s, and Pp is
the ship engine brake power in W. The different
prime movers usually have their own specific fuel
oil consumption (SFOC) curve, which is referred
to Perkins 2506C diesel engines in this study [27].
o Green House Gas (GHG CO») emissions are also
taken into account, which is proportional to the
fuel consumption. The quantity of GHG can be
calculated by multiplying fuel consumption with
fuel specific emission rate corresponding to the

spe<:1f1c type of fuel used [30]:

-- Marine diesel oil (MDO): 3.206 tons of CO, per
ton of oil consumed.

-- Heavy fuel oil (HFO): 3.114 tons of CO; per ton
of oil consumed;

-- Light fuel oil (LFO): 3.151 tons of CO; per ton
of oil consumed;

In this study, the MDO fuel is selected if DG

power is activated. To simplify the analysis, other

emissions such as NO, or SO, are not taken into

consideration.
The selected power system parameters and device costs for

this demo vessel are shown in Table 1.

Ill. ADAPTIVE MODEL PREDICTIVE CONTROL

(AMPC) FOR EMS

MPC algorithm is one of the most promising control methods
for real-time shipboard power system applications. The
classical MPC optimizer relies on a linear-time-invariant
(LTD) dynamic model to predict system future behaviour
(a relevant study can be found in the authors’ previous
work [31]). However, in actual practice, due to the nonlinear
nature of shipboard power plant model and load fluctuations
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in marine environment, LTT prediction accuracy is degraded.
During the verification test, the HIL plant and communication
protocol are introduced, the expected control performance
becomes unacceptable. In order to ensure the efficacy of
EMS and attain robust control, an adaptive model predictive
control (AMPC) approach is proposed. This approach aims
to develop a multi-objective EMS for the shipboard power
system to minimize the overall TCO of vessel operation,
including fuel consumption, emissions penalties, and power
device degradation.

A. PROPOSED ADAPTIVE MPC-BASED EMS
ARCHITECTURE

The AMPC approach solves the optimization problem over
the prediction horizon by generating the control sequence
at each time step. The number of elements in the control
sequence is defined by the control horizon. And only
the first components of the control decision sequence
will be implemented in the power system. The prediction
window moves to the next step and repeats the computation
process [32]. The AMPC is proposed to make the controller
insensitive to prediction errors and achieve robust control
performance. AMPC addresses the degradation by adapting
the prediction model for changing operating conditions,
which allows the model parameters to evolve with time.
In this study, Matlab/Model Predictive Control Toolbox
software is implemented. At each control interval, the AMPC
optimizer updates the plant model and nominal conditions.
Once updated, the model and conditions remain constant over
the prediction horizon.

A unique hierarchical supervisory control architecture is
designed, as shown in Figure 4, which consists of a load
prediction block, a linearized state-space system model,
a mode selection module, and an AMPC-based real-time
optimizer [32]. The load prediction block is to estimate the
future power load (f’load_dmd), which is the pre-condition for
the power and energy management control system design.
The mode selection block designates the vessel operation
mode and online power devices according to the predicted
power load profile (f’load_dmd) and the system states (such
as battery SoC;). The selected operation mode (5(k)), the
system state signals (x(k)) and the estimated state (x(k)) are
the input variables to the AMPC-based PMS optimization
controller at time instant k. Optimal power allocation for
different power sources (u(k)) is expected from the controller
outputs. In addition, to verify the robustness of the proposed
AMPC-based EMS algorithm, shipload power fluctuations
(d(k)) are introduced according to the Sea State conditions.

B. POWER SYSTEM LOAD PROFILES

An accurate marine load prediction model is a prerequisite
for the system to achieve optimal operation. A data-driven
load prediction framework has been developed in authors’
previous work [33]. However, due to the limited available
operational data of the targeted tugboat needed for the
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prediction, three typical tugboat load profiles are utilized in
place of predicted load profiles, to verify the performance of
the proposed EMS algorithm [30], [34], [35]. The shipload
profiles (Pjyqq) are shown in Figure 5. The tugboat operation
can be categorized into three different working conditions:
(1) transit, (2) standby or idle, and (3) ship assist. The tugboat
starts to transit to the work location where the power load
demand is around 30% of the total rated power onboard,
followed by a standby period near the work location. And
then, the tugboat enters the working zone for ship assisting
operation, where peak load is required. When the assisting
work is completed, the tugboat transits to the next work
location or sails back to the harbor. The entire operating cycle
is 3 hours (10800s) for this case study. The working process
is similar, while variations exist in shipload demands and
tasks. The average power load stands at about 10611 kW
for Profile 1, 16810 kW for Profile 2, and 17880 kW for
Profile 3.

Other shiploads, such as hotel or service loads, tend to be
stable, usually exhibiting a consistent demand. In addition,
the power requirements for the hotel and other onboard
loads are typically minimal compared to the propulsion load,
particularly for vessel types such as tugboats. Therefore, the
impact of these other shiploads is not considered in this study.
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C. SHIPLOAD FLUCTUATIONS

The shipload fluctuations and disturbances are the norm in
the marine ocean environment, greatly impacting the control
system performance. In this study, power load fluctuations
(d(k)) are introduced into the shipload profile to evaluate
further the effectiveness and robustness of the proposed
power and energy management strategy.

The effects of fluctuations on the shipboard power plant
largely depend on the motor control method. Different types
of shipload fluctuations can be found in the literature [18]:

« Fluctuations from the impact of the first-order wave at

the encounter-wave frequencys;

« Fluctuation from the in-and-out-of-water effect;

o Fluctuations from propeller rotation at the propeller-

blade frequency.

Shipload fluctuations and disturbances are complex
mechanical-electric power conversion processes of ship
dynamics [33]. The propeller characteristics, including thrust
Tprop, torque Qprop and power Pjyqq are highly nonlinear
function of motor shaft speed nyp,,,, water density o and
propeller diameter Dy, which can be given by [36]

Tprop = Sgn(”prop)ﬂlosxpnlzympDémpKT
Oprop = Sg”(”prop)ﬁlosspn[%rongsaropKQ
Pioad = 27 Nprop Qprop (20)

where K7 and Ky are thrust and torque coefficients, which
are defined by advance coefficient, pitch ratio, expanded
blade-area ratio and number of blades. .5 is the loss factor
when the propeller goes in and out of the water.

In addition, the targeted demo tugboat usually operates
along the coastal sea area and the sea state is considered calm.
The World Meteorological Organization (WMO) Sea State
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TABLE 2. Power disturbances parameters based on sea state I.

Low frequency  High frequency  Total

Maximum power (Profile 1) S5kW 10 kW 15kW
Maximum power (Profile 2) 8kW 16 kW 24kW
Maximum power (Profile 3) 10kW 20 kW 30kW

1 is used to estimate the amplitude of the disturbances for
the targeted tugboat system [37]. In this study, to simplify
the shipload fluctuation estimation, a 10Hz high-frequency
power load is introduced, reflecting the rapid rotation of
the propeller on the shaft. Additionally, a 0.1Hz low-
frequency load is utilized to mimic the disturbances caused
by ocean water wave movements [38]. The power disturbance
parameters are selected according to Table 2. It is about 5%
of the average power load for low-frequency disturbances
and 10% of the average load for high-frequency fluctuations.
Hence the total is about 15% disturbances of the average load
power. The in-and-out-of-water fluctuation can be ignored
due to the calm sea condition (Bj,5s = 1).

The simulation results of the power fluctuations can be
found for both the time and frequency domains in Figure 6.
Large fluctuations are observed due to the propeller rotational
motion and regular wave encounters.

D. STATE-SPACE MODEL
An LTI discrete-time, state-space (SS) model is needed for
use as the basis for AMPC. The SS model can be given by
1) Fuel cell model:
The main power device fuel cell dynamics can be
approximated as a first-order system in s-domain. The
linearized model can be given by

Prei = nfe,i - Ui 2D

Tre,is + 1
where Py, ; is actual power drawn from the ith fuel cell.
Ure,i is the power reference point of this specific fuel
cell. nf,; is the electrical efficiency and 1 ; is the fuel
cell time constant according to the product data-sheet.

2) Diesel gen-set (DG) model:

DG dynamics is also presented by a first-order system:

1

T b1 et 22
gen,i

Pgen,i = TNgen,i
where Py, ; is actual power drawn from the ith DG.
Ugen,i is the DG power reference. 1gen,; is the electrical
efficiency and 7, ; is the time constant of the DG.

3) Battery model:
The battery model is simplified and the SoC can be
determined as [12]

. Pbatt i
SoC; = —batti 23
ot =0, 3600 3)

where Q) is the battery nominal capacity. Ppa ; 1S the
ith power output during charging (Ppyy,; > 0) and
discharging (Ppas,; < 0).
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4) Shipboard load model:
The total delivered power on the common DC bus from
the shipboard power plant can be presented as [39]:

Npe Negen Npar
Psupply = ZPfc,i + Zpgen,i + Z Nbat,i * Poar i
n=1 n=1 n=1

(24)

where Py is the sum of the power supply from
all the power sources. npa,;i is the battery electrical
efficiency. Ny, Ngen and Npgy, are the total number of
the power devices, and they are 2 for each type.

The total delivered power is able to meet the load
demand by considering the transmission losses and a
tiny time delay [39]. The relationship between the load
demand and supply can be given by

1

TS+ 1
where Pjoad_ama 1s the total load demanded power,
nar 18 the drive-train efficiency for transmission losses,

T4¢ 1S the drive-train time constant.
The entire hybrid power plant system state-space represen-

tation can be formed as follows:
x(k + 1) = Ax(k) + Bu(k)

Pload_dmd = Nar * : qupp[y (25)

y(k) = Cx(k) (26)
with
- op. - ~ _
Pfc,l Ufc,l
fe,2 Us
SoCy » fe.2
So Cz batt,1
X = v , U= Pbazt,2 , Y =X
dc_act %
P dc_ref
gen,1 U
P gen, 1
gen,2 U 5
| Pload_dmd | e
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where x is the state variables, u is the control variables, and y
is the output variables. A, B, C, are the state matrices which
represent the plant model. Py, ; is the power reference for
battery systems. The DC voltage is to be defined by the power
and energy management controller as Vye rer, and Ve gcr 18
the actual DC voltage feedback.

E. MODE SELECTION

Three different operation modes can be selected for this
targeted vessel: zero emission mode (ZEO), hybrid mode
(HYB), and pure diesel mode (DGS). In real application,
DGs and fuel cells are not supposed to run in parallel under
normal operation, and the HYB is only allowed in emergency
cases. An example of such a case is when DGs are not
able to produce full power. Therefore, the proposed optimal
energy management control algorithm will be implemented
and tested in ZEO and DGS mode only in this study.

For traditional EMS operation, the mode is determined by
the vessel operator manually. With the improved optimized
EMS strategy, the mode selection module is to define the
vessel operation mode and the number of online power
devices according to the shipload profile and the system
states. Figure 7 shows the mode selection logic table. The
selected mode (6(k)) and system state signals (x(k)) are the
inputs to the AMPC controller at time instant k. Control
variables (u(k)) are the generated power allocation commands
for each power source. The power devices are to run only
when it is necessary to. The objective of the mode selection
module is to minimize the power device operating time so as
to reduce the device degradation and the number of power
equipment replacements during a long-term operation cycle.

ZEO is the default mode for normal vessel operation,
which only enables the fuel cells and batteries as the power
sources. Fuel cells are the main power supply, and the
batteries support the load dynamics and peak load demand.
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Due to the slow dynamic responses of fuel cell devices,
the batteries need to be always online to absorb the load
variations. In ZEO operation, the fuel cells are under power
control mode, and the system DC voltage is determined by
batteries. The primary fuel cell is always online, and the
secondary fuel cell module will be switched on during peak
load or when the battery SoC is below the safety margin(10%
in this case study).

When the fuel cell device or hydrogen infrastructure is not
available, the system will be switched to DGS mode. Similar
to ZEO mode, the DGs are replacing the fuel cells to provide
the main supply. The secondary DG will switch on during the
peak load or low battery SoC. The primary DG terminal AC
voltage determines the DC-bus voltage with a diode rectifier,
and the batteries are under power control mode.

F. OPTIMIZATION EMS PROBLEM FORMULATION

The core of the AMPC optimizer is to define the cost function,
which is formulated by a quadratic function that leads to
minimizing the total cost of the multiple control objectives.
It penalizes the deviation of the actual output from the
reference input over the prediction horizon. The cost function
for the proposed AMPC-based EMS is given by Equation 27,
as shown at the bottom of the page.

N, and N, are the prediction and control horizon, a1 — ag
are the weighting factors for penalizing the control reference
tracking errors while 8; — f7 are the weighting factors to
compensate the sudden control action changes within the
control horizon. P}, are the optimal power reference of the
particular power devices. For fuel cells, the system efficiency

is between 20% to 80% of the total capacity. In this study,
P}‘C, ; is set at 50% (100kW) as the optimal reference point,
as shown in Figure 2, to make sure that the fuel cells are
always working within the optimal operating range. However,
it is quite different for DGs. P;en, ; are set at this most fuel-
efficient point, about 75% of the diesel gen-sets total capacity,
where SFOC is at the lowest in Figure3. Therefore, 300kW
is selected as the optimal reference for DG in this case study.
Since the GHG is proportional to the MDO consumption, it is
also the optimal emission-efficient point. §(k) is the operating
mode, and there are two modes for selection: ZEO and DGS.
v(8(k)) is the switch signal vector to control the power source
equipment to be on or off, which means power reference to
be placed either at the optimal set point (the power device is
ON) or zero (the power device is OF F'). For battery operation,
SoC} are set to the mid-range between the SoC limits (50%)
to ensure the SoC of the battery is under the safe range
without being over-charged or discharged. V. is set to 580
VDC as system DC-bus voltage. Pjyaq4_dma 1S the actual power
load profile to ensure that the load demand can be met.

G. SYSTEM CONSTRAINTS
« Power balance constraint: The total power supply and

demand shall be balanced, which has been defined in
Equation 24.
« Power source loading constraints:

Pfc,i_min < Pfc,i < Pfc,i_mcuc
Pbatt,i_min < Pbatt,i < Pbatt,i_max

Pgen,i_min < Pgen,i < Pgen,i_ma)c

curve is almost a linear line and the optimal working range S0Ci_min < SoCi < S0Ci_max (28)
NI’
min J = Z{+Ol1[P}},1(k + WK1 — Ppe 1 (k + 1> + a2 [Pf ok + v(8(k))(2) — Ppeo(k + )1
j=1
+ a3[SoCy (k + j) — SoCi(k + 1> + aa[SoC3(k + j) — SoCak + )1
+as[Vik + ) — Vaetk + )1 + a6 Pgey, 1 (k + IV(S(K))(3) — Pgen,1(k +)1?
+ a7[ Py 2 (k + )V(S(K))(4) — Pgen,2(k + )1+ a8[Plua_damak +7) = Pioad_dma (k + )%
N
+ Z{ﬁl[AUjb,l]2 + Bal AUp 21 + B3l APban 11> + Bal APpan 21
j=1
+ B5LAVac_ref 1 + Bl AUgen 11> + 1l AUgen 21} 27)

with
1 ZEO (Pioad_dmd
2 ZEO (Pioad_dmd
3 DGS (Piopad_dmd
| 4 DGS (Pioad_dmd
[1000

|
1100

w3k = 1 ! }
|

8(k) =

[0010
0011
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< 180 kW AND SoC; > 10%)
> 180 kW OR SoC; < 10%)
< 340 kW AND SoC; > 10%)
> 340 kW OR SoC; < 10%)
if 8(k) =1

if 8(k) =2

if 8(k) =3

if 8(k) =4
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where for the 200kW fuel cell device used in this study,

the power operating range is between 20kW to 180 kW.

The maximum charging and discharging rate of the

batteries are defined as 2C so that the operating range

will be from -226 kW to 226 kW, and the batteries SoC

is from 10-90%. The generator capacity is up to 410kW.
o Power source ramp rate constraints:

IPfc,i(k + 1) - Pfc,i(k)|

< Rp i
Atramp e
Poen.itk 4+ 1) — Pgeni(k
|Pgen,i( ) gen,i(K)| < Ryen.i max (29)
Alramp

where Ry i max and Rgen i max are the maximum rate
of change in power of fuel cell and DG devices,
respectively. Atyqy is the ramp time for energy source
devices. The ramp limit is set to 10kW/s for fuel cells and
20kW/s for DGs according to the devices data-sheets.

IV. HARDWARE-IN-THE-LOOP VERIFICATION WITH
IMPROVED AMPC-BASED EMS CONTROLLER

The proposed EMS controller is prototyped and its perfor-
mance is tested with a HIL setup in the lab environment.

A. HIL TESTBED SETUP AND EMS CONTROLLER
PROTOTYPING

Control system tests can be expensive, time-consuming
and even potentially unsafe if it is used with an actual
hardware plant. Therefore, a software-based plant model is
considered to replace the actual system and different working
conditions. In this study, a HIL setup has been built to verify
the proposed control system behaviour, which can provide
real-time hybrid shipboard power system responses, and also
connect the controller and the system plant model with a real
communication protocol. HIL testing is to ensure the high
quality of control software by simulating the entire real-time
hardware environment.

In this study, the hybrid shipboard power system math-
ematical model has already been introduced in Section II.
The developed system plant model is built and runs on
the Speedgoat target machine, which provides real-time
dynamics of the shipboard power plant as well as the Fieldbus
communication interface. The prototyped AMPC-based EMS
controller is developed, converted to C language and then
deployed to a programmable logic controller (PLC)-based
embedded hardware. The B&R brand PLC X20CP3586
is used for this case study. The topology diagram for
this HIL setup is shown in Figure 8. Profinet has been
set up for this real-time testbed in the lab environment
according to the actual industrial Fieldbus standard, as shown
in Figure 9.

Speedgoat target machine is equipped with a powerful
FPGA that can provide high-bandwidth and ultra-low latency.
However, the HIL plant response rate is limited by the PLC
cyclic time and the communication protocol transmission
bandwidth. In real vessel operation, it is not necessary to set
the PLC cyclic task time too small, since it is pointless to send
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the commands faster than the power devices can respond.
In this study, the PLC cyclic time is set to 100 ms, which is
in line with the actual marine power control requirements.

B. RULE-BASED EMS TESTING RESULTS

The rule-based energy management algorithm is reliable,
simple and cheap. Therefore, it has been implemented in the
real marine vessel for decades. In this study, a rule-based
EMS is tested as a benchmark with three different shipload
profiles under two operating modes (ZEO and DGS). The
verification testing results can be found in Figure 10 to
Figure 12 for three shipload profiles respectively.

In ZEO mode, the fuel cells are selected as the main
power sources, while the batteries are to support the dynamic
response and shave the peak load. Both of the fuel cell
modules are online in parallel regardless of the shipload
demands or system states. Rule-based EMS controller is only
to limit the loading and ramp limits of the fuel cell device
according to the product data-sheet provided by the supplier.
The battery system is to supply the rest of the power demands
to fulfill the total shipload profile.

In DGS mode, the diesel gen-sets are switched on
according to load demand. When the primary DG is loaded
above the threshold line (85%), the secondary DG will be
started up to support the peak load; when the average loading
is below the stopping threshold (15%) of the total capacity,
the secondary DG will stop and go offline.
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It worth noting that battery systems are mainly discharged
to provide peak load demand and enhance the system
dynamics. With the shipload Profile 1, the peak load demand
reach up to 500kW, but it does not last for too long and
the battery initial SoC can be started from 50%. For Profile
2 and 3, more stored battery energy has been consumed
due to the long peak loading period. A higher initial SoC
is required to ensure the battery system is working under
the safe operating range (10-90%). The initial SoC for
Profile 2 and 3 cannot be too low (70% is set for the case
study) to complete the entire tests.

C. CLASSICAL MPC-BASED EMS VERIFICATION

TEST RESULTS

Classical MPC-based EMS strategy is also implemented [31],
which is used to compare with the proposed improved AMPC
strategy. The problem formulation is similar as the proposed
AMPC, which uses a linear-time-invariant (LTI) dynamic
model to predict future system behaviour. However, the
SS model input is not required to specify the prediction
model when computing the optimal plant manipulated
variables. Due to the sensitivity to the prediction errors,
the classical MPC is only performed in Matlab/Simulink
environment. The simulation results for MPC-based EMS
are shown in Figure 13 to 15 for all the three shipload
profiles.

In ZEO mode, the primary fuel cell supports the power
demand throughout the vessel operation. The secondary fuel
cell is only online during the peak load, or the battery SoC
is under the safety margin. With the great help of battery
systems, the power output of the primary fuel cell is flattened
regardless of the load variation, which improves the system
stability and is beneficial to device lifetime extension.

In DGS mode, only one main DG is needed to meet the load
demand together with the battery banks for all three shipload
profiles. The power drawn from the DG system is smoothed.
Battery sources are here to enhance the system dynamics and
shave the peak load.

Furthermore, the shipload profiles have their patterns and
the average load is also at different power levels, therefore
it is difficult to use one common MPC controller to handle
different ship operating tasks. Usually the operating mode
and vessel work conditions are requested by the ship operator.
The corresponding EMS controller will be enabled for
implementation. Six EMS controllers are needed in this case
study, with 3 shipload profiles and 2 working modes to
fulfill the multiple ship operation tasks. The weights for the
proposed MPC-based EMS controllers are shown in Table 3.

In summary, the dynamic responses of the shipboard
power system have been greatly improved than rule-based
approach. The power output from the main power sources
is smooth and stable. The stability of the entire system has
been strengthened. The average power is tracking closer to
the optimal working point, and energy efficiency in improved.
The total operation time has been cut down for fuel cell
devices, and the huge device replacement cost is expected

110352

TABLE 3. Proposed MPC-based EMS weight factors for three profiles
under two operating modes.

Profile 1 Profile 2 Profile 3
ZEO DGS ZEO DGS ZEO DGS
aq 2 8 1.5 8 2.2 8
g 2.8 8 1.2 8 1.8 8

as 4e6 4e6 4e6 4e6 4e6 4e6
(o7 4e6 4e6 4e6 4e6 4e6 4e6
as 0.45 0.45 0.45 0.45 0.45 0.45

ag 10 0.3 10 0.35 10 0.25
az 10 8 10 8 10 8

ag 20 20 20 20 20 20
b1 12 0.5 2 0.5 2 0.5
B2 12 0.5 12 0.5 12 0.5

to be reduced. The battery SoC for different profiles is able
to adjust automatically within a safe operating range. The
TCO of the vessel operation can be reduced with the proposed
MPC-based EMS control. The classical MPC approach lays
the foundation for further improvement and development.
A more detailed cost study will be presented in Section IV-E.

D. AMPC-BASED EMS WITH DISTURBANCES
VERIFICATION TEST RESULTS

In order to demonstrate the further improvement and
robustness of the proposed AMPC-based EMS, verification
tests have been performed against the HIL plant with the
shipload power fluctuations, which has been discussed in
Section III-C. The verification test results are shown in
Figure 16 to Figure 18 for the three shipload profiles.

In ZEO mode, the primary fuel cell maintains a stable
power output with limited load variation. The secondary fuel
cell is only online during the peak load or when battery SoC is
at a low level. The battery systems support the peak demands
and absorb most of the shipload fluctuations. The proposed
AMPC-based EMS helps to improve the system stability and
reduce the fuel cell device operating time.

In DGS mode, only one DG is needed to fulfill the
entire three profiles’ shiploads. The DG output power is
smooth and no DG startup or shutdown operation is required.
The batteries function as the energy buffer to enhance the
system dynamics and peak loading capability. Majority of the
shipload fluctuations are absorbed by battery systems.

The weight factors tuning is key for AMPC-based EMS
controller design. However, the tuning process is complicated
and time consuming. For different shipload profiles and
operating modes, the weightage might be different. Usually,
a heavy weightage is assigned to the variables that are
required to have better tracking performance. In this study,
the power load demand («g) needs to have a heavy weight
to balance the power flow between supply and demand. The
weight factors for battery SoC reference (w3 and «y4) are
multiplied by a factor of 10%, so that SOC value (between

VOLUME 11, 2023



W. Chen et al.: Robust Real-Time Shipboard Energy Management System

IEEE Access

500

Pload (kW)

0
200

Pjer (kW)

0
200

Prex (kW)

0
200

—200 | L

Poaitrea (kW)
=)

5001&2 (%)

100 T T

5001&2 (%)

(o)
(=)
S

Vdc (V)

i'
400G 2000

}
4000

}
6000

(a

}
8000

i
10000

time (s)

500

Ploaa (kW)

0
400

Pyent (KIV)

I i I I

0
200 |

Poattrez (kW)
=)

—200 !

100 T

0
800 [

Vie (V)

|
400G 2000

|
4000

|
10000

time (s)

| I
6000 8000

(b)

FIGURE 10. Rule-based EMS simulation test for hybrid shipboard demo vessel with load Profile 1: (a) ZEO mode; and (b) DGS

mode.

500

Pioad (kW)

0
200

Py (KIV)

0
200 :

Pyes (kW)

Poatg (kW)

g
g 70%
S% ——————— is required- -~ - ( L)“-is
0 | I I I
800 | | | 1
400 I | | | | | ]
0 2000 4000 6000 8000 10000
time (s)

(@

}
10000

400

500
=
0
400 T T 1 T T
0
400 T T T T T
Q§ L ]
0 I I I I I
200 T T T T
s [T ] =zl
E 0 L k ,,,,,, k
= . LI
Q.:S 4
i i i i |
2000 6000 8000

|
4000

time (s)

(b)

FIGURE 11. Rule-based EMS simulation test for hybrid shipboard demo vessel with load Profile 2: (a) ZEO mode; and (b) DGS

mode.

VOLUME 11, 2023

110353



IEEE Access

W. Chen et al.: Robust Real-Time Shipboard Energy Management System

500

Pioad (W)

0
200

Ppoy (K1)

0
200

Pyey (kW)

(k1)

Prattz

Y
. _ Higher initial SoC (70%)

is required

FIGURE 12
mode.

500

|
4000

@

|
2000

| |
6000 8000

|
10000

time (s)

500
R SRS | R S o g :
0 | | | |
400 T T \ T
i | YL ,
0 | | | | |
400 T T T T T
L
0 I | | | |
250 T T T T
S DO R—— =l
= 0 | \ \
2 7 : y T
=~ _950 I \ I I i
100 T T T T T
g b Ll 4
§ fo BunE
(6) b — SoC1 |
- 0 i \ | i
300 \ I I } T
L \ 7777777777 L L r ]
400 g 2000 4000 6000 8000 10000
time (s)

(b)

. Rule-based EMS simulation test for hybrid shipboard demo vessel with load Profile 3: (a) ZEO mode; and (b) DGS

Puoas (V)

0
200

Pray (V)

0
200

Prey (kW)

0
200

Prarnea (kW)

—200

100

5001&2 (%)

[09)
(o=
o

Vie (V)

400

FIGURE 13.
DGS mode.

110354

|
4000

C))

|
2000

| |
6000 8000

|
10000
time (s)

Pload (W)

Py (6)

(kI

Pratiea

500

0
400

0
200

—200

SoChga (%)

Vie (V)

100

[ee]
(=)
oo

400

|
I I I I
L P \ VVVVVVVVVV ? VVVVVVVVVV P | ]
0 2000 4000 6000 8000 10000
time (s)

(b)

Classical MPC-based EMS Simulation test for hybrid shipboard demo vessel with load Profile 1: (a) ZEO mode; and (b)

VOLUME 11, 2023



W. Chen et al.: Robust Real-Time Shipboard Energy Management System

IEEE Access

500

Pioaa (kW)

0
200 T

Prer (kW)

Prea (kW)

0
200 [

|
400 g 2000

|
4000

C))

|
6000

|
8000

|
10000
time (s)

500

Pioaa (kW)

0
400

Pyt (V)

(kI0)

Prattiga

|
0 2000

|
10000

time (s)

| | I
4000 6000 8000

(b)

FIGURE 14. Classical MPC-based EMS simulation test for hybrid shipboard demo vessel with load Profile 2: (a) ZEO mode;

and (b) DGS mode.

500

Pioaa (kW)

0
200

Prer (kW)

0
200

Prea (1)

0
200

Poatnga (kW)
o

~200 !

100

SoCies (%)

[os}
ol
o

Vie (V)

|
400 g 2000

|
4000

(@

|
6000

|
8000

|
10000

time (s)

Pload (K1)

Pyenn (kW)

Prastiea (kW)
=

—200

SOC]&Q (%)

|
0 2000

L
10000
time (s)

| | I
4000 6000 8000

(b)

FIGURE 15. Classical MPC-based EMS simulation test for hybrid shipboard demo vessel with load Profile 3: (a) ZEO mode;

and (b) DGS mode.

VOLUME 11, 2023

110355



IEEE Access

W. Chen et al.: Robust Real-Time Shipboard Energy Management System

500

Pioaa (kW)

0
200

Prer (kW)

0
200 \ T T T \

Prea (kW)

0
200

Pratiga (kW)
=)

—200
100

SoCies (%)

j==l

[os}
[l
(==t

Vie (V)

| | | | |
400 g 2000 4000 6000 8000 10000

time (s)
(a

1 1 1 | 1

- = "Pvatr2 |

| | | | |
400 2000 4000 6000 8000 10000

time (s)

(b)

FIGURE 16. AMPC-based EMS HIL verification test for hybrid shipboard demo vessel with disturbances for load Profile 1:

(a) ZEO mode; and (b) DGS mode.

TABLE 4. Proposed AMPC-based EMS weight factors for three profiles
under two operating modes.

Profile 1 Profile 2 & 3

ZEO DGS ZEO DGS
aq 5 8 3 8
g 50 8 12 8
as le6 le6 le6 le6
oy le6 le6 le6 le6
as 10 10 10 10
ag 4 8 4 74
a7 4 18 4 18
asg 20 20 20 20
51 100 1 500 1
B2 200 1 550 1
B3 | 0.002 | 0.0001 | 0.0001 | 0.0001
B4 | 0.002 | 0.0001 | 0.0001 | 0.0001
Bs 0.15 0.15 0.15 0.15
Be 0.58 800 0.58 1100
Br 0.35 100 0.35 600

0 to 1) can be of a similar order of magnitude as other
state variables expressed for power (10° W). In addition,
the weights to penalize the control actions for both the fuel
cells and DGs (B; and B;) are set to a relatively higher
value to mitigate abrupt changes. Lower weighting factors
are set for the battery power (83 and B4), since batteries
are to handle shipload power fluctuations with fast response
time.

Similar to the classical MPC-based EMS strategies,
multiple EMS controllers are needed to fulfill the different
ship operation tasks. The weight factors for both ZEO and
DGS mode are shown in Table 4.
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It is worth noting that during the tuning process, shipload
Profile 2 and 3 can share the same controller weight
factors without any control feature losses. This means the
AMPC-based EMS can handle both shipload Profiles 2 and
3 with the same controller. The reason is that these two
working profile patterns are similar and the average power
demand does not have many gaps (about 6.37% deviation).
Therefore, the AMPC-based EMS is able to handle small load
fluctuations and even different ship operating tasks as long as
it is within the safety margin. Robust control is achieved, and
only four controllers are required instead of six for this case
study.

In addition, the AMPC-based EMS control also has
the capability to adjust the battery SoC during the vessel
operation. For both ZEO and DGS mode, the battery initial
SoC for three profiles all start from 50%. While for the
rule-based EMS, a valid initial SoC condition should be
fulfilled to ensure the completion of the vessel operational
cycle.

On the other hand, based on the testing results shown
in Figure 13- 18, there is no necessity to activate the
secondary power source under DGS mode operations. This is
attributable to the fact that a single primary DG is sufficient to
fulfill the power shipload profiles. Running both DG and FC
simultaneously is not a typical procedure in vessel operations.
This is also the reason that HY B mode is not required in EMS
optimization operations.

Nevertheless, the model predictive control algorithm is not
perfect. The computation cost is high due to the intensive
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FIGURE 17. AMPC-based EMS HIL verification test for hybrid shipboard demo vessel with disturbances for load Profile 2:
(a) ZEO mode; and (b) DGS mode.
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FIGURE 18. AMPC-based EMS HIL verification test for hybrid shipboard demo vessel with disturbances for load Profile 3:
(a) ZEO mode; and (b) DGS mode.

calculations required. And the controller design is more can climb to 85%, which is considered a high level. On the
complex and time-consuming. During the verification testing, other hand, the traditional rule-based method only requires an
the average CPU load of the selected B&R X20 series PLC average CPU load of 27%. Hence, if the AMPC-based EMS
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TABLE 5. Vessel operating comparison: ZEO mode.

Profile 1 Profile 2 Profile 3
RB MPC AMPC RB MPC AMPC RB MPC AMPC
Ch,, (Hz fuel cost) $2,604,960 | $2,682,720 | $2,535,840 | $4,462,440 | $4,545,720 | $4,331,280 | $4,745,040 | $5,150,160 | $4,849,560
Cye (Fuel cell device cost) | $1,260,000 $840,000 $840,000 $1,260,000 $840,000 $840,000 $1,260,000 $840,000 $840,000
Cpar (Battery device cost) $146,900 $146,900 $146,900 $146,900 $220,350 $146,900 $146,900 $220,350 $220,350
Ciora (Total cost: USD) $4,011,860 | $3,669,620 | $3,522,740 | $5,869,340 | $5,606,070 | $5,318,180 | $6,151,940 | $6,210,510 | $5,909,910
Savings in total fuel cost - -2.99% 2.65% - -1.87% 2.94% - -8.54% -2.20%
Savings in TCO - 8.53% 12.19% - 4.49% 9.39% - -0.95% 3.93%
TABLE 6. Vessel operating comparison: DGS mode.
Profile 1 Profile 2 Profile 3
RB MPC AMPC RB MPC AMPC RB MPC AMPC
Cupo (MDO fuel cost) $384,090 $376,080 $369,642 $559,320 $577,560 $564,672 $600,240 $586,680 $580,440
Cghi (GHG penalty) $38,409 $37,608 $36,964 $55,932 $57,756 $56,467 $60,024 $58,668 $58,044
Cpanr (Battery device cost) $146,900 $146,900 $146,900 $146,900 $220,350 $220,350 $146,900 $220,350 $220,350
Cgen (DG device cost) $500,000 $500,000 $500,000 $500,000 $500,000 $500,000 $500,000 $500,000 $500,000
Cioral (Total cost: USD) $1,069,399 | $1,060,588 | $1,053,506 | $1,262,152 | $1,355,666 | $1,341,489 | $1,307,164 | $1,365,698 | $1,358,834
Savings in total fuel cost - 2.09% 3.76 % - -3.26% -0.96% - 2.26% 3.30%
Savings in TCO - 0.82% 1.49% - -7.41% -6.29% - -4.48% -3.95%

is adopted, a PLC with a greater calculation capacity might
be necessary.

E. COST COMPARISON STUDIES

With the help of the AMPC-based EMS, the power drawn
from the main source devices is smoothed. The load
fluctuations and disturbances are mostly absorbed by the
battery systems, and the main power devices are to provide
the average shipload demands. Unlike the rule-based energy
management control, there are no specific initial conditions
required for the shipboard power system. The proposed
AMPC-based EMS not only greatly improves the entire
power network stability but is also beneficial to the device
lifetime extension, especially for fuel cell systems.

In addition, during the verification tests for the three
case study profiles, the total fuel consumption and power
device usage hours are recorded. A 10 years of long-term
TCO for vessel operation is calculated. It is assumed that
there are 50 working weeks per year for the target vessel,
and each week comprises 6 working days and 4 work task
cycles per day, making up 36,000 operating hours in total for
10 years operation. The hydrogen fuel cost, MDO fuel cost,
the emission penalty for MDO fuel, and the total power device
capital cost are all considered. The TCO for both ZEO and
DGS modes can be compared according to the Table 5 and 6.

In ZEO mode, hydrogen fuel cost remains the same level
across all three EMS strategies. However, optimization-based
EMS significantly reduces the operating hours of fuel cell
devices. It eliminates the need for device replacement over
a 10-year operating cycle (the fuel cell lifetime is about
25,000 hours [26]). In contrast, one device replacement
is required for rule-based approach. And a considerable
total cost reduction can be achieved. AMPC algorithm
exhibits the highest performance among the three EMS
strategies, which can achieve 12.19% TCO saving for Profile
1 operation, 9.39% and 3.93% cost reduction for Profile 2 and
3 respectively. With the current battery system size, it can
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support the Profile 1 operation for 14.85 years. This implies
no device replacement is needed during the standard 10-years
vessel operation cycle. However, the batteries can only last up
to 9.85 years for Profile 2, and 9.09 years for Profile 3. One
replacement is required for the batteries within the 10-years
operation period. In real practice, the vessel will not only
work for one ship operating task. Usually, it is a combination
of the above three or even incorporate additional profiles.
Therefore, there is huge potential to achieve higher TCO
savings by avoiding battery replacements in actual vessel
operations.

In DGS mode, it can be seen that one DG system is
powerful enough to support the entire load demand according
to the verification tests with the help of optimization-based
method. There is no DG startup or shutdown operation, and
the power output is smoothed by the energy storage battery
devices. However, the fuel efficiency improvement is not
significant, as is the TCO savings. The main reason is because
the optimization-based algorithm heavily use the battery
systems, which is a relatively more ‘expensive’ power source
compared with MDO. Rule-based EMS control is a reliable
and cost-effective control method for traditional MDO-fueled
vessels and has been widely accepted by the marine market
for decades. The main advantages with MPC and AMPC
approaches for DGS mode operation mainly come from the
system stability improvements and dynamic performances
rather than the economic benefits.

V. CONCLUSION
In this paper, a supervisory optimization-based EMS has been
proposed with an adaptive model predictive control approach,
which is able to handle the load fluctuations and improve the
system stability and minimize the TCO of vessel operation.
Compared with the traditional rule-based EMS control, the
proposed AMPC algorithm is able to achieve savings of up to
12.19% of TCO and zero power device replacement through
the 10 years of vessel operation cycle under ZEO mode.
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The beauty of the proposed AMPC algorithm is the ability
to balance the components of fuel consumption, emission
and device usage as a whole to find a total minimum,
and the TCO savings are significant. However, the cost
reduction is not that evident under DGS mode. Although the
AMPC-based EMS is able to reduce some MDO fuel cost and
emissions penalty under some load profiles, battery devices
are heavily used. Therefore, the overall savings in TCO is
meagre. However, according to the latest class rules and
regulations, a fairly high number of the existing fleet would
need to undergo design or operational changes to improve
their carbon intensity to reach the minimum compliance. It is
possible to observe that up from 43% to 71% of the vessels
would fall under categories D or E of the Carbon Intensity
Index (CII) mechanism by 2026 [40]. Consequently, ship
owners and shipbuilding industries must evaluate retrofits
to improve ship maintenance and operations. The turning
from MDO towards clean energy, such as hydrogen, becomes
an inevitable movement to achieve lower carbon footprint.
MDO-fueled vessels will slowly lose their dominant position
and be completely replaced by other clean energy-fueled
vessels eventually. Therefore, the proposed AMPC-based
optimal EMS will become more critical and meaningful for
actual practice in the near future.

The failure mode operation is not included in this study due
to the page limitation. Future work to be done may include a
comprehensive failure modes and effects analysis (FMEA)
which encompasses consideration for fault tolerance and
black-out recovery schemes during the emergency operation.
In addition, in the pursuit of precise energy management
control, an accurate shipload prediction has emerged as
a prerequisite for system optimization. The authors have
proposed a data-driven workflow to build a load prediction
model for ship propulsion system [33]. Yet, the available
data is still insufficient for effective load profile estimation
training. Further studies are anticipated in vessel operational
data collection and shipload profile prediction modelling. The
predicted shipload profile can be derived from the prediction
model, and then serve as the input reference to optimization-
based EMS. The rolling-basis test should be engaged so that
the ‘living’ load model can generate continuous profile data
to mimic real-world ship operation scenarios.
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