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Abstract—Environmentally driven regulations are significantly
affecting shipping in recent years, where the shipbuilding industry
is required to comply with upcoming restrictions concerning
polluting emissions. The all-electric ship (AES) is one of the
most promising technologies for complying with the increasingly
strict environmental regulations, improving fuel efficiency, and
enhancing system dynamic performance. In this study, the
dc-distributed power grid of an AES integrated with fuel cells
and batteries has been configured using extensive electrification
technology, where the system-level shipboard power plant has
been modeled with the average modeling method. The model not
only incorporates the hybrid power source integration but also the
primary and secondary power management as a whole. In addition,
a hardware-in-the-loop (HIL) has been set up to replicate the
real-time system behavior, which is essential for the verification of
any optimal power management control algorithms to be developed
in future work. Finally, both the mathematical and real-time models
are validated against the full-scale hybrid shipboard power system.

Index Terms—All-electric ship, fuel cell system (AES),
hardware-in-the-loop (HIL), hybrid shipboard power microgrid,
renewable energy sources.

1. INTRODUCTION

ARITIME transport has played a dominant role in the
global trade system for centuries, and it is expected that
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international maritime trade will expand at continuous annual
growth for years to come [1]. Recently, environmental sus-
tainability has become a significant policy concern in global
maritime transport [2]. With this concern, the shipbuilding
industries are compelled to abide by rules on polluting emissions
imposed by International Maritime Organization (IMO) and
national legislation [3]. To achieve high energy efficiency and
low emission, it is believed that the all-electric ship (AES) will
be one of the most promising technologies to comply with the
environmental regulations [4]. In particular, vessel types such as
tug boats, river pushers, and ferries will be the early adopters as
they usually operate near coasts or in inner rivers, which belong
to emission control areas (ECAs). Other vessel types such as
container vessels may need more time before the AES design
can be adopted [5].

With the development of energy storage technologies, new
energy sources can be integrated into the shipboard power
network. Batteries, as the most mature energy storage system
(ESS) device, have been widely utilized in different applications
in marine vessels. However, due to energy density limitation,
battery systems only function as a main power supply for
small-scale vessels in short distance shipping segment or as an
auxiliary power source onboard of large vessels to enhance the
dynamic performance or short-term zero-emission operation. In
order for clean energy sources to be a feasible solution for larger
ocean-going ship types, such as cruise ships and RoRo/RoPax
(the vessels built for freight vehicle transport with passenger
accommodation), fuel cell systems have been introduced. It is
expected that fuel cell systems would replace diesel engines as
the main power source in the future.

The hybrid shipboard power system integrated with different
types of power sources brings in a lot of benefits, but it also
increases the complexity of the system structure and power
management control. To get deep understanding of the hybrid
power system and improve the current control algorithms, a
comprehensive system-level hybrid power plant model is needed
as a foundation. The expected system model should be able
to perform the actual shipboard power plant responses under
different operating modes and loading profiles.

A few power system configurations and modeling method-
ologies have been published in the recent literature. In [6]
and [7], land-based hybrid dc microgrid configurations have
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been introduced. The authors in [8] have proposed a diesel-
generator-based marine power network equipped with a battery
ESS, while a fuel cell-based marine system model has been
developed in [9], where the authors are mainly focusing on
the fuel cell chemical reaction and fuel processing. The above
references focus only on certain parts of the power grid rather
than the observation of the dynamics and performance of the
complete system.

It is worth noting that shipboard power systems have their
own special configurations and requirements [10]. The main
difference with land-based power system is that shipboard power
system is an isolated microgrid with short distances from gen-
erated power to the electric propulsion load [11]. The average
short-circuit levels and forces are quite high so that it must be
dealt with some special manners to protect the power equipment.
During cruising, shipboard power system is impacted a lot by the
environment, such as marine weather and unexpected thrusters
load variations, therefore the system stability and reliability is
crucial for marine vessels. Extra efforts in system reconfigurabil-
ity and redundancy are required to prevent single point failure
according to the marine classification rules. Compared to EV
power system, the power scale of the shipboard power network
is much bigger and complicated. Due to its particularity of the
shipboard power system [12], there is the urge to build its own
power plant model rather than reusing other existing models.

In addition, system-level power plant model is not only to inte-
grate different power sources but also to implement primary and
secondary level power management to coordinate power load
sharing, frequency, and voltage control. A previous work by the
authors [13] modeled an ac-distributed shipboard hybrid power
system. However, in the past decade, dc-based distribution sys-
tems have gained popularity due to their advantages in many
aspects [14]. A system-level dc-based shipboard power model
is necessary to simulate the vessel operating performances. The
comprehensive and reliable power plant model is the foundation
and precondition for system studies and further research.

Compared to the existing studies on hybrid power network
modeling problems, the main contributions of this article are
highlighted as follows.

1) A dc-distributed system-level shipboard power system
model is built, integrating the mathematical model of dif-
ferent power sources, as well as the primary and secondary
power management control. All the power sources are re-
sizable to configure the new shipboard systems according
to the varied ship design specifications.

2) A hardware-in-the-loop (HIL) platform is set up in lab
environment as well. HIL helps to perform the system
real-time states. Itis a useful tool for prototyping the power
and energy management system (PEMS) controller and
communication interface validation without involving any
hardware devices setup.

3) Both the mathematical and real-time HIL model have
been validated against the real hardware full-scale hybrid
shipboard power system.

The rest of this article is organized as follows: The hybrid

shipboard power system configuration is discussed in Section II.
A dc-based power distribution model and the simulation results

DC Direct

| Converter with
I LC Filter
|

Fig. 1. ESS integration scheme for both dc and ac distribution system.

are presented in Section III. Section IV evaluates the system
plant model HIL setup. And the validation tests are performed
in Section V. Finally, Section VI concludes this article.

II. SHIPBOARD POWER SYSTEM CONFIGURATION

In this section, the functions of several integration schemes
will be introduced in detail. The advantages and the system
configuration of dc-distributed shipboard power system will also
be discussed.

A. Advantages of DC-Based Shipboard Power System

Currently, the majority of commercial marine vessels have a
diesel or gas engine powered plant with ac distribution, while
the dc-distributed shipboard system has drawn much attention
over the past decade. In both ac and dc-distributed systems, ESS
integration is a trend for different functionalities [15].

Energy storage, such as batteries will help the slow power
devices level out load variations from the thrusters and other
heavy consumers. Besides, the clean energy sources are able to
provide the main power supply of the ship operation in order
to achieve zero-emission operation. There are several methods
to integrate the ESS into the shipboard network [16], which is
shown in Fig. 1.

According to this integration scheme, it can be seen that the
ESS is much easier to connect to a dc-distributed network than an
ac system. The storage devices can be directly connected to the
dc network. This direct-on-line (DOL) ESS gives an efficiency
increase compared to the ESS with dc/dc converter, but at the
cost of less control features to be achieved. On the other hand,
ESS is also possible to be extended to an ac-distributed system
through a dc/ac converter with LCL filter and transformer [17].
The LCL filter is used herein to improve the power quality and
reduce the total harmonic distortion (THD) level of the main
power network. While the shielded transformer is utilized to
solve the electromagnetic interference (EMI) issue, it also blocks
the circulating current within the power electronic converters
such as IGBT or MOSFET. In addition, the dc/ac converters also
need to monitor the amplitude, frequency, and phase shift of the
power network voltage on ac side to achieve the synchronization
operation [13]. It is clear that the ac-based power configuration
is quite complex not only in system configuration but also in
power management control [14]. Furthermore, it also increases
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Fig. 2. Typical dc-based shipboard power system single line diagram.

the dimensions of the equipment, where the space onboard a
ship is limited.

Safety is another important consideration for implementing
the dc-based distribution. A dc-configured system is inherently
simpler than an ac system, which means that it is easier to predict
fault scenarios and devise adequate protection against them. The
generators can be connected to the dc distribution system in a
short time because it is not necessary for synchronization. It has
considerable potential to improve the stability, efficiency, and
performance of future dc-based ship power systems [18].

In addition to the benefits described above, there are numerous
other benefits with dc distribution. Some of these are summa-
rized as follows.

1) Voltage Distortion: Harmonic distortion is inherent in ac
systems with frequency converters, while being less of a
concern with dc distribution.

2) Electrical Efficiency: In the process of going from ac-to-dc
distribution, the system efficiency is improved by 0.5—
1% [19].

3) Ease of Control: It is not required to control the frequency
and reactive power of the network. The control system is
simplified and only needs to overlook the dc voltage.

Overall, the integration of a hybrid ac-distributed shipboard
power is complex and costly [14]. Multiple layers of the power
conversion and transmission increase the system losses and
probability of equipment failure. It is more suitable for some
retrofit projects, which are planned for extending a single ESS
from an existing ac distribution network. Due to the advantages
of dc-distribution power system, this study focuses on dc-based
shipboard power plant modeling.

|
I~ — .
-— Propulsion
~v| Drive #2
To LV
= Feeder
M
Ship Hotel Propulsion

Load
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Motor #2
200 kW, 400 VAC

B. Hybrid Shipboard Power System Configuration

For a hybrid dc-distributed shipboard power system, the en-
ergy storage devices can be connected to the system. A generator
set driven by a combustion diesel engine is possible to be
integrated into the dc power network. Usually, synchronous
generators are used and rectified (ac to dc converter) before the
power is transmitted to the dc bus. Propulsion and other ship
service loads are regulated by dc/ac inverters. The typical con-
figuration of an all-electric dc hybrid ship power and propulsion
system is shown in Fig. 2. In this study, two fuel cell modules
are function as the main power supply to achieve zero emission
operation. Two battery banks handle the ship load variations.
And two diesel gen sets (DG) are the backup power in case the
fuel cell devices or the hydrogen fuel are not available under
emergency condition.

The main switchboards are usually split into two sections
or more to obtain the redundancy requirements of the vessel
according to the marine class rules and regulations. This kind of
structure is not only an intrinsic advantage of dc distribution but
it also has the ability to supply power to the load continuously
even under certain fault conditions [16], such as short-circuit.
During normal operation, the dc-grid switchboard are usually
connected (close bus tie), which gives the best flexibility in
the configuration of the power generation. The optimal num-
ber of the power devices can be connected to the power net-
work according to the load transients to achieve certain control
criteria.

III. FUEL CELL-FED DC DISTRIBUTION SYSTEM MODELING

In this section, a system-level dc-based hybrid shipboard
power plant will be modeled. The power network includes
the fuel cells, batteries, and DGs as the energy sources. The
essential components of the dc-grid power system are the power
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Fig. 3.  General block diagram of a diesel engine-driven synchronous generator.

electronics devices. An ESS dc/dc converter and a 6-pulse ac/dc
rectifier for DG integration will be modeled. The propulsion
load and ship hotel loads of the vessel will be represented with
controllable current sources. Power management, including load
power sharing, dc voltage coordination, and power regulation
will be achieved as well.

A. Energy Sources Modeling

1) Diesel Gen-Set Model: Fig. 3 shows the general config-
uration of a diesel engine-driven synchronous generator
system. The system consists of four main sections: Fuel
injection and diesel engine, governor, synchronous gen-
erator (SG), and automatic voltage regulator (AVR) [20].
The mathematical models of each part of diesel generator
are introduced as follows.

a) Fuel injection and diesel engine can be presented by
a time delay and the coupling shaft model, as in [21]
and [22]. The simplified model is given by

To(s) Kep-e s

28 1
Uy (8) tes+1 1
dwn,
Jeq N —(:;? =Ty =T — kfeq cWm 2)

where w,,, is the mechanical speed, u,, is the control
signal from the speed governor, 715, is the mechanical
torque developed by the engine, J., is the equivalent
inertia of the entire system, ky,  is the equivalent
friction coefficient, K, is the engine gain, ¢, is a delay
representing the time elapsed from the fuel injection
until the torque is developed at the engine shaft, and ¢,
is the time constant of the fuel injection.

b) Governor is responsible for regulating the engine
speed to maintain it within the allowable range dur-
ing the different load conditions, resulting in constant
output frequency or within the desired limits. This
governor also has the structure of a PI controller with
the droop function implemented. This model can be
given by

" K,
Uy = (wen — Wen — kdr,freq . Uw) <KPw + 5 )
3)
where Kp_ and K are the proportional and integral
gains of the governor PI controller, and w,,, is the
engine nominal speed and kg, freq is the speed droop

gain that equals (Mg, - Wep), and my, is the static
droop slope.

c) Synchronous generator is considered without damper

windings for the sake of simplifying the model. And
its d-q rotating reference frame is given by

. . dig dif
Vd = —Ts* Zd+Lq *We - Zq+Ld . E—"_Méf . E
(€))
) . diq .
Vq:—rswq—Ld-wewd—&—Lq-E—&—Msf-we-zf
)
. diy dig
Vi=rgs- Ly — — My  — 6
pETP R sf g (6)
Te = (La— Lg) -iq-iqg+ Msf-iq-iy 7

where Vy, V,, 14, and 7, are the output voltages and cur-
rents in the d-q rotating reference frame, respectively,
Vy and iy are the field excitation voltage and current,
respectively, 7, and ry are the stator winding and
field winding internal resistances, respectively, L; and
L, are the stator inductance in the d-axis and g-axis,
respectively, Ly is the inductance of the field, My is
the mutual inductance between the field winding and
the d-axis stator winding, and 7 is the electromagnetic
torque. It is worth noting that, the following assump-
tions have been considered: The stator windings are
symmetrical, a uniform sinusoidal distribution along
the air gap, the permanence of the magnetic paths on
the rotor is independent of the rotor positions, and the
saturation and the hysteresis effects are neglected.

d) Automatic voltage regulator has the responsibility of

controlling the terminal voltage of the synchronous
generator under different load conditions. This AVR is
modeled as a first-order system, representing a power
converter controlled by a PI controller [20], that is
given by

kconv
Vf - m : (Uv - kdr,vvf) (8)
Kr, .
U, = (va+ ! )~(Vt Vi) )

where K p, and K7, are the proportional and integral
gains of the AVR PI controller, kcony and teony are the
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Fig. 4.

(b)

ESS power source modeling. (a) Proton-exchange membrane (PEM)

fuel cell and its equivalent circuit. (b) Lithium-ion battery and its equivalent

circuit.

2)

3)

converter gain and time constant, and V;* and V; are
the reference and measured rms output line voltage.
4y is the dc voltage droop rate for de-distributed
power system.
Fuel Cell Model: There are a few different types of fuel
cell technologies. The proton-exchange membrane (PEM)
fuel cell is the most mature technology over other types of
fuel cell. With its relatively low cost and high energy effi-
ciency features, PEMFC is the most widely used in marine
applications [23]. Fig. 4(a) shows a single PEM fuel cell
model and its equivalent circuit [24]. The fuel cell losses
are mainly divided into three categories: Activation loss
R, concentration 10ss R¢onc, and ohmic loss Ropm [25].
The voltage of a PEMFC elementary cell can be written
as follows [26]:

‘/;ell = Enernsl - ‘/;J.Cl - ‘/conc - %hm (10)
Vfc - Nfc X Vcell (11)

where V. is the voltage of a PEMFC elementary cell,
Flemst 18 the equilibrium voltage, V. is the activation over-
potential, Vo is the concentration overpotential, Vopy, is
the ohmic overpotential, V. is the voltage of PEMFC
stack, and Ny, is the number of cells in series.

In this study, the PEMFC is configured with Mat-
lab/Simulink Simscape library.

Battery Model: To balance the cost, energy density, power
density, safety performance, and life span, Li-ion battery
is the most applied battery type in marine ESS applica-
tions [27]. Simple models based on the equivalent circuit
of a resistor in series with a parallel RC circuit (polariza-
tion circuit) [28] have been used to determine the dynamic
characteristics of the battery, as shown in Fig. 4(b).
Open-circuit voltage (OCV) is defined differently for
discharging and charging at given state-of-charge (SoC)
due to the hysteresis effect [29]. The total voltage drop
from OCV is then modeled here based on the first-order
equivalent circuit to account for the internal resistance and
polarization (OCV relaxation).

Vierm = Vocv — IR — V) (12)

where Vi is the terminal voltage of the cell, Voey is
the cell OCV, I is the current rate of the cell (positive
for discharging and negative for charging), R. is the
electrical resistance (responsible for instantaneous voltage
drop together with (), after the application of load) and
V), is the voltage drop across the polarization circuit.

At any instant, V), across the parallel RC circuit is rep-
resented by the voltage drop acrossR, or C,. So, the
equation can be arranged by

%) o @o® _ (13)
Ry

dt

where I, is the current across polarization resistance, and
Iy is the current across polarization capacitance. The sum
of Ir, and I, gives the total circuit current /.

Then perform Laplace transform by

Vi (s) = I(s)—2

T 14
15 sR,C, (9

so that the steady-state response of terminal voltage
Vierm s—s tO a given current by

Vierms—s = Vocv — I(Re + Rp,) = Vocv — IRy (15)

where %;; = R. + R, is the total internal resistance of a
cell.

SoC is another critical parameter for the battery
system. SoC is intrinsically divided into two types: Instan-
taneous SoC (SoCj,g) and nominal SoC (SoC,on), both
based on Ah counting. Nominal SoC is derived from nom-
inal capacity based on standard discharging conditions as
suggested by the manufacturer, while instantaneous SoC
is based on the available instantaneous discharge capacity
given by

Islep (tifl )tstep
Cnom
(1 - S()Cnom (tif 1 ) ) C’nom . Istep (tif 1 )tstep

Cslep avail (ti— 1 ) Cstep avail (ti— 1 )
a7

SOCnom(ti) = SoChom (ti—l) - (16)

SOCinst (tz) =

where, Iy, is the current at a given time step, fgep iS
the span of time under consideration (sampling time of
BMS/controller), and Clep avail is the capacity available for
I5iep. Instantaneous SoC is useful in indicating the capacity
available at a given time step and operating conditions,
especially higher discharge rates.

In this study, the Matlab/Simulink Simscape battery stack
model is utilized.

B. Power Electronic Converter Modeling

A dc/dc converter (for fuel cell and battery control), and an
ac/dc rectifier (for diesel generator control) are modeled in this
section.

1) DC/DC Converter Model: Both of the fuel cells and the

battery systems are powered by dc/dc converter. The de/dc
converter regulates the output voltage and power flow
from the storage device [8]. Different from the battery
bidirectional control [31], fuel cells only require a single
direction power flow to provide the power to dc link. It
can be represented as the following equation:

Vie 1

- 18
Vess 1—-D (1%
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- o

Fig. 5.  DC/DC converter average model.
g ige L
Synchronous N ()
Vi
Generator B
Model in N, Load
Reference |+ —_ -
7o
frame a
- K, - [Va - cos(8) + V, - sin(8)]
Fig. 6. Average model of 6-Pulse ac/dc rectifier, where Vy, Vg, 14, I, are

generator’s output voltage and current in dg — axes, 0 is the angle between Vy
and Vy, coefficient K, is the ratio between the magnitude of rectifier output
voltage V. and its input voltage V, V, and §.

where D is the duty cycle of dc/dc converter.

There are two methods to model the power electronic
converters, i.e., electromagnetic transient (EMT) model
and average model. EMT model is straightforward and
can represent the modulation process of the power elec-
tronic device. However, the simulation speed will be slow
down due to the usage of high-frequency carriers during
pulsewidth modulation (PWM). EMT simulation method
is more suitable for system stability analysis studies, but
not suitable to evaluate system performance throughout
the operational profile which can last in the order minutes
or even hours. For that reason, the average model is se-
lected to configure the shipboard power plant model here.
The dc/dc converter average model is shown in Fig. 5.

2) AC/DC Rectifier Model: The DGs are connected into dc
bus via a 6-pulse diode rectifier. The average model of
a diode bridge loaded synchronous generator was used
here to simplify the calculation of the average values of
generator d-q variables to the dc voltage and current at the
bridge output [32], as shown in Fig. 6.

The voltage and current at the dc terminal can be defined
as proportional to the amplitudes of the first harmonics of
generator phase voltage and current, respectively [33]

Vie = Koy V2 + V2 (19)
tge = K; 23 + Zg (20)

where V. is dc voltage output from the rectifier. Vy, V,
14, and 74 are the voltage and current of generator in dg-
axes. K, is the generator voltage constant, and K; is the
generator current constant.

C. System Control Philosophy

For existing hybrid shipboard power management is usually
arranged in line with the hierarchical control framework. The
basic structure is shown in Fig. 7.

Tertiary Control
Optimal Power Management

i

Secondary Control
Grid Constrains, Voltage Coordination

!

Primary Control
Loading Sharing, Voltage Control, Power Control

Fig. 7. Hierarchical control framework for shipboard power management,
where the primary and secondary control have been applied.

In hierarchical control, the primary control level is to handle
the load sharing among the hybrid power sources. The secondary
control level includes the grid voltage coordination and to ensure
bus signals at their operating ranges. The tertiary control level
is used to achieve optimal operation with intentional objec-
tives [34]. In this study, the primary and secondary level power
management control have been achieved, while the tertiary
control will be considered in future’s research work.

The basic load sharing mechanism in dc-distributed power
network is dc voltage droop control. Basically, with the voltage
droop control, all the power sources share the load based on the
dc bus voltage in the similar way as with frequency droop control
in ac-distributed system. The load sharing function is realized
by adjusting the voltage droop rate. In Fig. 8, it shows the load
sharing results of a dc power network with three different droop
rate setting. A steeper droop angle will cause one consumer to
take less load than one with a more flat droop angle given the
same voltage set point.

DG system is integrated into the dc network via 6-pulse
diode rectifier, and the output voltage is controlled by AVR.
The dc voltage set point is defined as the nominal dc voltage of
the rectifier. Droop increases with increasing generator speed.
Usually, the dc voltage droop rate is not larger than 5% [35].

For the energy storage power sources, such as fuel cells and
batteries, the dc voltage droop control is implemented in the
power electronic dc/dc converters. The block diagram of the
voltage control loop is as shown in Fig. 9. It is a dual control
loop, with the current control as the inner loop with the voltage
control as the outer loop. K4, ,, is the voltage droop rate for load
sharing with other power sources.

The dc voltage droop control is simple and reliable. But due
to the complexity of hybrid dc-grid system configuration, it is
difficult to fine-tune the whole power system with one single
parameter to maintain the performance of each power source,
and ensure the system stability at the same time. It is also not
possible to achieve strategy loading or even optimized operation.
Therefore, the power control of the ESS devices is expected. The
dc/dc converter power control loop with PI controllers is shown
in Fig. 10. It is a single current control loop, where the current
reference is given by the quotient of reference power and dc
voltage.

In this study, dc voltage droop combined with power control
is implemented as primary power management scheme. The
system voltage coordination rules and constrains have been set
in power electronic converter models as the secondary level of
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TABLE 1
PARAMETERS FOR THE DC-BASED DEMO VESSEL
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Load sharing with 3 different droop curves. (a) Integrated dc-distributed system with three power sources and their droop rates. (b) System voltage

Diesel-generator

Fuel cell [30]

A N

Batteries

Rated power (Pgen) 410 kW Rated power (Pyc) 2¥100 kW Capacity (Epqtt) 113 kWh
Nominal voltage (Vgpe) 400 VAC Min. power (Pfc_min) 20 kW Max. charge voltage (Vipatt_maz) 350VDC
Nominal current (/,p.) 592 A Operating voltage (Vi.) 355-577 VDC Nominal voltage (Vpgtt) 300 VDC
Frequency (Fy,) 50 Hz Rated current (I #.) 2%257 A Min. voltage (Viatt_min) 268 VDC
Speed (Spd) 1500 rpm | Max. Temperature (Th,q2)  70°C Max. discharge current (Ipq¢t_disch) 250 A

Inertia (Jge) 10 kgm? Fuel Type Hydrogen Max. charge current (Iyqst_ch) 200 A

Power factor (pf) 0.9 H> pressure 3.5-5 Barg Operating state of charge range (SoC)  20%-80%

K,

dry

Fig. 9. DC/DC converter control scheme I - Voltage control loop.

/%‘?—»m 5+ .

DC/DC converter control scheme II - Power control loop.

p—
Vie—H]

Fig. 10.

power management.The ESS device output power or voltage
shall be regulated according to the reference command if the
corresponding control scheme is selected. Two different opera-
tion modes will be studied in this article: Zero-emission mode
and DG in-parallel mode.

D. System Simulation Results

A small-scaled tugboat power plant is configured as the target
vessel for simulation test. It is a typical hybrid shipboard dc-grid
system design, as shown in Fig. 2. It comprises two sets of
200-kW fuel cells, two battery arrays with capacity of 113 kWh
and two 410-kW DGs as the back-up power. The detailed
system configuration parameters for this dc-based demo vessel
are shown in Table I. The simulation tests are performed with
two operating modes, respectively: Zero-emission mode and DG
in-parallel mode. The test results are shown as follows.

1) Zero-Emission Mode: During the zero-emission mode

operation, there is no DG online. The battery units are

working under the voltage control scheme to regulate the

system dc-grid voltage level. Two battery sets share the

load via voltage droop control. Fig. 11 shows the simula-
tion results for the dc-grid hybrid power plant performance
under zero-emission operation.

a) T = 3-15s: The load power increases to 300 kW. The
total load demands are supplied by two fuel cell mod-
ules and two battery units. Fuel cells follow the power
references from the dc/dc converter, while batteries
share the remaining required power equally when the
voltage droop rate is set as the same value. In this test,
voltage droop rate is set as 3%.

b) T = 15-30 s: The propulsion load is dropped. The bat-
teries switch to charging mode to absorb the remaining
power from network for future usage.

¢) T = 30 s—end: the load is increased to peak, around
400 kW. The batteries discharge and provide the power
supply for the peak load demands.

It shows that the dynamic response of fuel cells is relatively

slow and it needs the battery systems’ support to fulfill the

peak ship load. With voltage droop control, the system dc
voltage slightly varies according to the different loading
conditions. Two fuel cells are operated independently
according to their own reference profiles. Usually in real
practice, fuel cells can be set to provide the average load
demands [36], and the batteries are to enhance the system
dynamic performance and boost the power supply during
peak load.

2) DG in-Parallel Mode: When the system is under DG

in parallel mode, the DGs connect to dc network via a
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Fig. 11.
plant model. (b) Dynamic behavior of fuel cell devices and batteries.

6-pulsed passive rectifier. The online diesel generators
dominate the system dc voltage level naturally by its ter-
minal ac voltage. In this case, battery systems are switched
to power control scheme which is similar to the fuel
cell control method to provide the output power flow as
reference required to achieve an ideal loading strategy and
optimization control. Fig. 12 shows the simulation results
of the hybrid ship power system under DG in-parallel
mode.

a) T=3- 15 s: The load power increases to peak 400 kW.
The fuel cell modules follow the power reference com-
mands from the dc/dc converter. The propulsion load
variations are absorbed and equally shared between
two battery units. The voltage droop rate here is set as
2% for both the DGs so that they are able to share equal
100-kW load throughout the simulation.

b) T = 15 - 30 s: The propulsion load is dropped. The
batteries switch to charging mode to absorb the extra
power for future usage.

¢) T=30s - end: The power of the load is shooting up to
the peak again. The batteries discharge and boost the
total power supply.

In this simulation test, fuel cells and battery systems provide
the power supply according to the power allocation reference,
and the remaining power demands from the network go to DGs
online. Similar to the zero-emission mode, the batteries function
as the dynamic enhancement to support the system dynamic
performance. To maintain system stability, the generators shall
remain stable outputs, and usually, it can be set as the average
load demands.

time (s)

(b)

Simulation results for the dc-based shipboard power grid model for demo vessel. Zero-emission mode. (a) Power split of the hybrid shipboard power

For both zero-emission mode and DG in-parallel mode sim-
ulation test, the different power sources are integrated into the
common dc-distributed power network and able to satisfy the
load demands. The system power load sharing is under dc
voltage droop combined with power control scheme. During
both of the operation modes, the power reference profile for
the two fuel cells are set differently. This system-level hybrid
power plant model provides the control freedom to interface
with different tertiary level power management algorithms.

IV. HIL SETUP

Control algorithm testing can be time-consuming, costly, and
potentially unsafe if the test is against a real hardware-based
system. Therefore, software-based plant model is considered
for replacing the real system and to generate the operational
profile of a vessel. A HIL setup is expected to provide real-time
simulation of the shipboard power system behavior and dynam-
ics, as well as the hardwired interfaces with control signals and
communication protocols. HIL test is able to ensure high quality
of the control software. It is a reliable verification and validation
method to prototype the controller before implementing the
control algorithm into a real hardware environment [37].

In this study, the shipboard power system plant model is
successfully built and run on a real-time Speedgoat target
machine, which provides real-time simulation of plant model
behavior and dynamics as well as the communication interface
with field-bus protocols. The power and energy optimization
control algorithms are developed and downloaded to a B&R
brand X20CP3586 programmable logic controller (PLC)-based
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Simulation results for the dc-based shipboard power grid model for demo vessel. DG in-parallel mode. Frequency of the DG is 50 Hz. (a) Power split

of the hybrid shipboard power plant model. (b) Dynamic behavior of fuel cell devices, batteries and DGs.
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Fig. 13.  HIL topology scheme.

embedded control system. The available real-time Fieldbus com-
munication protocols between the plant model and controller are
Profinet and Profibus for this setup. In this study, the topology
diagram of the HIL test bed is shown in Fig. 13.

V. SYSTEM MODEL VALIDATION

In this study, the mathematical shipboard power system model
and HIL plant are both validated against the full-scale hybrid

power plant system. The actual power grid facilities are located
at ABB collaborated hybrid power laboratory in MARINTEK,
at Norwegian University of Science and Technology, in Trond-
heim, Norway. The main objective of this experimental valida-
tion test is to verify that the response of the modeled shipboard
power system matches with the actual system response. The
DGs and fuel cells with battery energy storage will be validated,
respectively, according to the actual lab setup.

The system configuration of the MARINTEK laboratory is
based on a full-scale hybrid AES with ABB onboard dc-grid
system. The lab arrangement diagram is shown in Fig. 14. The
lab is equipped with two 410-kW diesel engines and variable
speed generator sets, two 30-kW fuel cell devices, plus one
55-kWh battery ESS. Power sources are connected to the dc-bus,
and system loading conditions are simulated with two control-
lable electric motors. Fig. 15 shows the equipment setup in
MARINTEK lab.

In the first validation test, one DG and one 55-kWh battery
system are in use. The validation test results are shown in Fig. 16.
The load profile is designed as four ramp-up cycles The dynamic
response of a DG is limited by its mechanical characteristic,
and so the battery banks are there to boost the system dynamic
performance to achieve the load demands. In this test, the
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@ FC1 FC2

Fig. 14. ABB MARINTEK lab setup diagram, where M1 & M2 are the
propulsion motors, and Brakel & 2 present the controllable thrusters load.
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Fig. 15. ABB MARINTEK lab in Trondheim, Norway.
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Fig. 16.  Validation test I: To compare the system response between simulation
model and HIL plant target in DG in-parallel mode.

simulated results from the Simulink model can match well with
the actual recorded test. The overall mean average percentage
error between the mathematical plant model and actual system
is around 0.51%, and the average error between HIL plant and
actual system is about 1.82%.

In the second validation test, two fuel cell modules and the
same battery system are configured. The test results are shown in
Fig. 17. During the first 100 s, the two fuel cells were powered up
with 9-kW output one after another. The power drawn from the
batteries was reduced with the increasing power supply from
the fuel cells. From the 120 s, the load demands are reduced
below the fuel cell power supply so that the batteries are charged
by the fuel cells. Between 100 to 480 s, the fuel cells provide
the constant power output, while the batteries absorb the load

Pload (kW)

Ppc1 (kW)

Pres (kIV)

Pgast (kW)

_ | |
305 500 600 700

time (s)

i | i }
100 200 300 400

Fig.17.  Validation test IT: To compare the system response between simulation
model and HIL plant target in Zero-emission mode.

variations. From the 480 s onward, the power references for fuel
cells are altered so that the batteries provide the remaining power
to the load. The mean average percentage error is about 1.98%
between the mathematical model and the actual system, while it
is about 1.47% between HIL plant and the actual system.

To compare the test results, it can be seen that the system
simulation and HIL results compare well with the experimental
values recorded from the site. In addition, the transient rise time
and steady-state power output for all DG, fuel cells, and battery
power sources for both mathematical model and HIL plant can be
in line with the actual system responses. Therefore, the proposed
hybrid shipboard power plant model can be used to represent the
physical system behavior.

VI. CONCLUSION

In this article, adc-distributed hybrid shipboard power system
configuration has been studied. A system-level fuel cell-fed
hybrid shipboard power grid system with dc distribution has
been modeled. In addition, an HIL plant model platform has
been set up and tested in a lab environment. Finally, both
the system mathematical model and the HIL plant have been
validated against a full-scale hybrid shipboard power system.
This research work provides an essential platform and solid
foundation to apply optimization control of power and energy
management strategy in future work.
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DC-Distributed Power System Modeling and
Hardware-in-the-Loop (HIL) Evaluation of Fuel
Cell-Powered Marine Vessel

Wenjie Chen ® Srudent Member, IEEFE, Kang Tai, Michael Lau, Ahmed Abdelhakim®, Senior Member; IEEE,
Ricky R. Chan, Alf Kare Adnanes, and Tegoeh Tjahjowidodo

Abstract—Environmentally driven regulations are significantly
affecting shipping in recent years, where the shipbuilding industry
is required to comply with upcoming restrictions concerning
polluting emissions. The all-electric ship (AES) is one of the
most promising technologies for complying with the increasingly
strict environmental regulations, improving fuel efficiency, and
enhancing system dynamic performance. In this study, the
dc-distributed power grid of an AES integrated with fuel cells
and batteries has been configured using extensive electrification
technology, where the system-level shipboard power plant has
been modeled with the average modeling method. The model not
only incorporates the hybrid power source integration but also the
primary and secondary power management as a whole. In addition,
a hardware-in-the-loop (HIL) has been set up to replicate the
real-time system behavior, which is essential for the verification of
any optimal power management control algorithms to be developed
in future work. Finally, both the mathematical and real-time models
are validated against the full-scale hybrid shipboard power system.

Index Terms—All-electric ship, fuel cell system (AES),
hardware-in-the-loop (HIL), hybrid shipboard power microgrid,
renewable energy sources.

1. INTRODUCTION

ARITIME transport has played a dominant role in the
global trade system for centuries, and it is expected that
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international maritime trade will expand at continuous annual
growth for years to come [1]. Recently, environmental sus-
tainability has become a significant policy concern in global
maritime transport [2]. With this concern, the shipbuilding
industries are compelled to abide by rules on polluting emissions
imposed by International Maritime Organization (IMO) and
national legislation [3]. To achieve high energy efficiency and
low emission, it is believed that the all-electric ship (AES) will
be one of the most promising technologies to comply with the
environmental regulations [4]. In particular, vessel types such as
tug boats, river pushers, and ferries will be the early adopters as
they usually operate near coasts or in inner rivers, which belong
to emission control areas (ECAs). Other vessel types such as
container vessels may need more time before the AES design
can be adopted [5].

With the development of energy storage technologies, new
energy sources can be integrated into the shipboard power
network. Batteries, as the most mature energy storage system
(ESS) device, have been widely utilized in different applications
in marine vessels. However, due to energy density limitation,
battery systems only function as a main power supply for
small-scale vessels in short distance shipping segment or as an
auxiliary power source onboard of large vessels to enhance the
dynamic performance or short-term zero-emission operation. In
order for clean energy sources to be a feasible solution for larger
ocean-going ship types, such as cruise ships and RoRo/RoPax
(the vessels built for freight vehicle transport with passenger
accommodation), fuel cell systems have been introduced. It is
expected that fuel cell systems would replace diesel engines as
the main power source in the future.

The hybrid shipboard power system integrated with different
types of power sources brings in a lot of benefits, but it also
increases the complexity of the system structure and power
management control. To get deep understanding of the hybrid
power system and improve the current control algorithms, a
comprehensive system-level hybrid power plant model is needed
as a foundation. The expected system model should be able
to perform the actual shipboard power plant responses under
different operating modes and loading profiles.

A few power system configurations and modeling method-
ologies have been published in the recent literature. In [6]
and [7], land-based hybrid dc microgrid configurations have

2687-9735 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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been introduced. The authors in [8] have proposed a diesel-
generator-based marine power network equipped with a battery
ESS, while a fuel cell-based marine system model has been
developed in [9], where the authors are mainly focusing on
the fuel cell chemical reaction and fuel processing. The above
references focus only on certain parts of the power grid rather
than the observation of the dynamics and performance of the
complete system.

It is worth noting that shipboard power systems have their
own special configurations and requirements [10]. The main
difference with land-based power system is that shipboard power
system is an isolated microgrid with short distances from gen-
erated power to the electric propulsion load [11]. The average
short-circuit levels and forces are quite high so that it must be
dealt with some special manners to protect the power equipment.
During cruising, shipboard power system is impacted a lot by the
environment, such as marine weather and unexpected thrusters
load variations, therefore the system stability and reliability is
crucial for marine vessels. Extra efforts in system reconfigurabil-
ity and redundancy are required to prevent single point failure
according to the marine classification rules. Compared to EV
power system, the power scale of the shipboard power network
is much bigger and complicated. Due to its particularity of the
shipboard power system [12], there is the urge to build its own
power plant model rather than reusing other existing models.

In addition, system-level power plant model is not only to inte-
grate different power sources but also to implement primary and
secondary level power management to coordinate power load
sharing, frequency, and voltage control. A previous work by the
authors [13] modeled an ac-distributed shipboard hybrid power
system. However, in the past decade, dc-based distribution sys-
tems have gained popularity due to their advantages in many
aspects [14]. A system-level dc-based shipboard power model
is necessary to simulate the vessel operating performances. The
comprehensive and reliable power plant model is the foundation
and precondition for system studies and further research.

Compared to the existing studies on hybrid power network
modeling problems, the main contributions of this article are
highlighted as follows.

1) A dc-distributed system-level shipboard power system
model is built, integrating the mathematical model of dif-
ferent power sources, as well as the primary and secondary
power management control. All the power sources are re-
sizable to configure the new shipboard systems according
to the varied ship design specifications.

2) A hardware-in-the-loop (HIL) platform is set up in lab
environment as well. HIL helps to perform the system
real-time states. Itis a useful tool for prototyping the power
and energy management system (PEMS) controller and
communication interface validation without involving any
hardware devices setup.

3) Both the mathematical and real-time HIL model have
been validated against the real hardware full-scale hybrid
shipboard power system.

The rest of this article is organized as follows: The hybrid

shipboard power system configuration is discussed in Section II.
A dc-based power distribution model and the simulation results

Fig. 1. ESS integration scheme for both dc and ac distribution system.

are presented in Section III. Section IV evaluates the system
plant model HIL setup. And the validation tests are performed
in Section V. Finally, Section VI concludes this article.

II. SHIPBOARD POWER SYSTEM CONFIGURATION

In this section, the functions of several integration schemes
will be introduced in detail. The advantages and the system
configuration of dc-distributed shipboard power system will also
be discussed.

A. Advantages of DC-Based Shipboard Power System

Currently, the majority of commercial marine vessels have a
diesel or gas engine powered plant with ac distribution, while
the dc-distributed shipboard system has drawn much attention
over the past decade. In both ac and dc-distributed systems, ESS
integration is a trend for different functionalities [15].

Energy storage, such as batteries will help the slow power
devices level out load variations from the thrusters and other
heavy consumers. Besides, the clean energy sources are able to
provide the main power supply of the ship operation in order
to achieve zero-emission operation. There are several methods
to integrate the ESS into the shipboard network [16], which is
shown in Fig. 1.

According to this integration scheme, it can be seen that the
ESS is much easier to connect to a de-distributed network than an
ac system. The storage devices can be directly connected to the
dc network. This direct-on-line (DOL) ESS gives an efficiency
increase compared to the ESS with dc/dc converter, but at the
cost of less control features to be achieved. On the other hand,
ESS is also possible to be extended to an ac-distributed system
through a dc/ac converter with LCL filter and transformer [17].
The LCL filter is used herein to improve the power quality and
reduce the total harmonic distortion (THD) level of the main
power network. While the shielded transformer is utilized to
solve the electromagnetic interference (EMI) issue, it also blocks
the circulating current within the power electronic converters
such as IGBT or MOSFET. In addition, the dc/ac converters also
need to monitor the amplitude, frequency, and phase shift of the
power network voltage on ac side to achieve the synchronization
operation [13]. It is clear that the ac-based power configuration
is quite complex not only in system configuration but also in
power management control [14]. Furthermore, it also increases
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Fig. 2. Typical dc-based shipboard power system single line diagram.

the dimensions of the equipment, where the space onboard a
ship is limited.

Safety is another important consideration for implementing
the dc-based distribution. A dc-configured system is inherently
simpler than an ac system, which means that it is easier to predict
fault scenarios and devise adequate protection against them. The
generators can be connected to the dc distribution system in a
short time because it is not necessary for synchronization. It has
considerable potential to improve the stability, efficiency, and
performance of future dc-based ship power systems [18].

In addition to the benefits described above, there are numerous
other benefits with dc distribution. Some of these are summa-
rized as follows.

1) Voltage Distortion: Harmonic distortion is inherent in ac
systems with frequency converters, while being less of a
concern with dc distribution.

2) Electrical Efficiency: In the process of going from ac-to-dc
distribution, the system efficiency is improved by 0.5—
1% [19].

3) Ease of Control: It is not required to control the frequency
and reactive power of the network. The control system is
simplified and only needs to overlook the dc voltage.

Overall, the integration of a hybrid ac-distributed shipboard
power is complex and costly [14]. Multiple layers of the power
conversion and transmission increase the system losses and
probability of equipment failure. It is more suitable for some
retrofit projects, which are planned for extending a single ESS
from an existing ac distribution network. Due to the advantages
of dc-distribution power system, this study focuses on dc-based
shipboard power plant modeling.

l
'~ — .
-— Propulsion
~v| Drive #2
To LV
= Feeder
M
Ship Hotel Propulsion

Load
50 kW, 230 VAC

Motor #2
200 kW, 400 VAC

B. Hybrid Shipboard Power System Configuration

For a hybrid dc-distributed shipboard power system, the en-
ergy storage devices can be connected to the system. A generator
set driven by a combustion diesel engine is possible to be
integrated into the dc power network. Usually, synchronous
generators are used and rectified (ac to dc converter) before the
power is transmitted to the dc bus. Propulsion and other ship
service loads are regulated by dc/ac inverters. The typical con-
figuration of an all-electric dc hybrid ship power and propulsion
system is shown in Fig. 2. In this study, two fuel cell modules
are function as the main power supply to achieve zero emission
operation. Two battery banks handle the ship load variations.
And two diesel gen sets (DG) are the backup power in case the
fuel cell devices or the hydrogen fuel are not available under
emergency condition.

The main switchboards are usually split into two sections
or more to obtain the redundancy requirements of the vessel
according to the marine class rules and regulations. This kind of
structure is not only an intrinsic advantage of dc distribution but
it also has the ability to supply power to the load continuously
even under certain fault conditions [16], such as short-circuit.
During normal operation, the dc-grid switchboard are usually
connected (close bus tie), which gives the best flexibility in
the configuration of the power generation. The optimal num-
ber of the power devices can be connected to the power net-
work according to the load transients to achieve certain control
criteria.

III. FUEL CELL-FED DC DISTRIBUTION SYSTEM MODELING

In this section, a system-level dc-based hybrid shipboard
power plant will be modeled. The power network includes
the fuel cells, batteries, and DGs as the energy sources. The
essential components of the dc-grid power system are the power
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Fig. 3. General block diagram of a diesel engine-driven synchronous generator.

electronics devices. An ESS dc/dc converter and a 6-pulse ac/dc
rectifier for DG integration will be modeled. The propulsion
load and ship hotel loads of the vessel will be represented with
controllable current sources. Power management, including load
power sharing, dc voltage coordination, and power regulation
will be achieved as well.

A. Energy Sources Modeling

1) Diesel Gen-Set Model: Fig. 3 shows the general config-
uration of a diesel engine-driven synchronous generator
system. The system consists of four main sections: Fuel
injection and diesel engine, governor, synchronous gen-
erator (SG), and automatic voltage regulator (AVR) [20].
The mathematical models of each part of diesel generator
are introduced as follows.

a) Fuel injection and diesel engine can be presented by
a time delay and the coupling shaft model, as in [21]
and [22]. The simplified model is given by

Tp(s)  Kep-e tas

288 1
Uy (8) tes+1 M
d
Jeq N —:tﬂ =Tn =T, — kfeq cWm (2)

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

b) Governor is responsible for regulating the engine
speed to maintain it within the allowable range dur-
ing the different load conditions, resulting in constant
output frequency or within the desired limits. This
governor also has the structure of a PI controller with
the droop function implemented. This model can be
given by

K
Uy = (Wzn — Wen — kdr,freq : Uw) <KPW + SIW)
3
where Kp_ and K are the proportional and integral

gains of the governor PI controller, and w,,, is the
engine nominal speed and kg freq is the speed droop

gain that equals (14, - Wep), and my, is the static
droop slope.

c) Synchronous generator is considered without damper

windings for the sake of simplifying the model. And
its d-q rotating reference frame is given by

. . dig dif
Vd = —Tg-" Zd+Lq *We - Zq+Ld . E+Mgf . E
“4)
. . dig .
Vo=—rs-tqg—Lg-we-tqg+Lg- E+Msf “We iy
)
. dig dig
Vi=r;- Ly —L — Mg —2 6
p=rpcdp Ly g (6)
T.=(Lg—Lg) -iq-ig+ Mgy -iq-iy 7

where Vg, V,, 14, and i4 are the output voltages and cur-
rents in the d-q rotating reference frame, respectively,
V; and iy are the field excitation voltage and current,
respectively, rs and 7y are the stator winding and
field winding internal resistances, respectively, L4 and
L, are the stator inductance in the d-axis and g-axis,
respectively, L is the inductance of the field, M,y is
the mutual inductance between the field winding and
the d-axis stator winding, and 7T+ is the electromagnetic
torque. It is worth noting that, the following assump-
tions have been considered: The stator windings are
symmetrical, a uniform sinusoidal distribution along
the air gap, the permanence of the magnetic paths on
the rotor is independent of the rotor positions, and the
saturation and the hysteresis effects are neglected.

d) Automatic voltage regulator has the responsibility of

controlling the terminal voltage of the synchronous
generator under different load conditions. This AVR is
modeled as a first-order system, representing a power
converter controlled by a PI controller [20], that is
given by

kCOHV
= T U*krv 8
Vi P (Uy = karwVy) ®)
Kr, .
Uv—<va+ I)-(Vtvt) )

where K p, and K7, are the proportional and integral
gains of the AVR PI controller, kcony and teony are the
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Fig. 4.

(b)

ESS power source modeling. (a) Proton-exchange membrane (PEM)

fuel cell and its equivalent circuit. (b) Lithium-ion battery and its equivalent

circuit.

2)

3)

converter gain and time constant, and V;* and V; are
the reference and measured rms output line voltage.
kgr, is the dc voltage droop rate for dc-distributed
power system.
Fuel Cell Model: There are a few different types of fuel
cell technologies. The proton-exchange membrane (PEM)
fuel cell is the most mature technology over other types of
fuel cell. With its relatively low cost and high energy effi-
ciency features, PEMFC is the most widely used in marine
applications [23]. Fig. 4(a) shows a single PEM fuel cell
model and its equivalent circuit [24]. The fuel cell losses
are mainly divided into three categories: Activation loss
R, concentration 10ss R¢onc, and ohmic loss Ropm [25].
The voltage of a PEMFC elementary cell can be written
as follows [26]:

V::ell = Enernsl - V;lcl - ‘/conc - Vohm (10)
Vie = Nye X Veen (11)

where Vi is the voltage of a PEMFC elementary cell,
FElermst 18 the equilibrium voltage, V. is the activation over-
potential, V. is the concentration overpotential, Vouy, is
the ohmic overpotential, V. is the voltage of PEMFC
stack, and N, is the number of cells in series.

In this study, the PEMFC is configured with Mat-
lab/Simulink Simscape library.

Battery Model: To balance the cost, energy density, power
density, safety performance, and life span, Li-ion battery
is the most applied battery type in marine ESS applica-
tions [27]. Simple models based on the equivalent circuit
of a resistor in series with a parallel RC circuit (polariza-
tion circuit) [28] have been used to determine the dynamic
characteristics of the battery, as shown in Fig. 4(b).
Open-circuit voltage (OCV) is defined differently for
discharging and charging at given state-of-charge (SoC)
due to the hysteresis effect [29]. The total voltage drop
from OCV is then modeled here based on the first-order
equivalent circuit to account for the internal resistance and
polarization (OCV relaxation).

V;erm = VOCV - IRe - Vp (12)

where Vi 1s the terminal voltage of the cell, Voey is
the cell OCYV, [ is the current rate of the cell (positive
for discharging and negative for charging), R. is the
electrical resistance (responsible for instantaneous voltage
drop together with C,, after the application of load) and
V), is the voltage drop across the polarization circuit.

At any instant, V), across the parallel RC circuit is rep-
resented by the voltage drop acrossR, or C,. So, the
equation can be arranged by

Volt) | o, Vel® _ p (13)
Rp

dt

where I, is the current across polarization resistance, and
I, is the current across polarization capacitance. The sum
of Iry, and I¢,, gives the total circuit current /.

Then perform Laplace transform by

Ry
1+sR,C,p

so that the steady-state response of terminal voltage
Vierm s—s tO @ given current by

Vy(s) = 1(s) (14)

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

where I?;; = R. + R, is the total internal resistance of a
cell.

SoC is another critical parameter for the battery
system. SoC is intrinsically divided into two types: Instan-
taneous SoC (SoCj,g) and nominal SoC (SoC,n), both
based on Ah counting. Nominal SoC is derived from nom-
inal 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—l )tstep
Cnom
(1 - SOCnom (tif 1 ) ) Cnom . Istep (tif 1 )tstep

Cvstep avail (ti— 1 ) G@tep avail (ti— 1 )
(17)

SOCnom(ti) - SOCnom(tifl) - (16)

SOCinst(ti) =

where, Iy, is the current at a given time step, fgep iS
the span of time under consideration (sampling time of
BMS/controller), and Clep avail is the capacity available for
Isiep. Instantaneous SoC is useful in indicating the capacity
available at a given time step and operating conditions,
especially higher discharge rates.

In this study, the Matlab/Simulink Simscape battery stack
model is utilized.

B. Power Electronic Converter Modeling

A dc/dc converter (for fuel cell and battery control), and an
ac/dc rectifier (for diesel generator control) are modeled in this
section.

1) DC/DC Converter Model: Both of the fuel cells and the

battery systems are powered by dc/dc converter. The de/dc
converter regulates the output voltage and power flow
from the storage device [8]. Different from the battery
bidirectional control [31], fuel cells only require a single
direction power flow to provide the power to dc link. It
can be represented as the following equation:

Vie 1

= — 18
Vess 1-D (1%
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Fig. 5. DC/DC converter average model.
td ige L
T
Synchronous v C)
Generator | !
Model in + Ve Load
Reference |+ z_> T
frame Va ! C)
K, - [V - cos(8) + V- sin(5)]
Fig. 6. Average model of 6-Pulse ac/dc rectifier, where Vy, Vg, 14, 14 are

generator’s output voltage and current in dg — axes, d is the angle between V;
and Vy, coefficient K, is the ratio between the magnitude of rectifier output
voltage V. and its input voltage V3, V, and 4.

where D is the duty cycle of dc/dc converter.

There are two methods to model the power electronic
converters, i.e., electromagnetic transient (EMT) model
and average model. EMT model is straightforward and
can represent the modulation process of the power elec-
tronic device. However, the simulation speed will be slow
down due to the usage of high-frequency carriers during
pulsewidth modulation (PWM). EMT simulation method
is more suitable for system stability analysis studies, but
not suitable to evaluate system performance throughout
the operational profile which can last in the order minutes
or even hours. For that reason, the average model is se-
lected to configure the shipboard power plant model here.
The dc/dc converter average model is shown in Fig. 5.

2) AC/DC Rectifier Model: The DGs are connected into dc
bus via a 6-pulse diode rectifier. The average model of
a diode bridge loaded synchronous generator was used
here to simplify the calculation of the average values of
generator d-q variables to the dc voltage and current at the
bridge output [32], as shown in Fig. 6.

The voltage and current at the dc terminal can be defined
as proportional to the amplitudes of the first harmonics of
generator phase voltage and current, respectively [33]

Vie = Ko\ /VE+ V2 (19)
ige = K\ /i3 + i2 (20)

where V. is dc voltage output from the rectifier. Vg, Vg,
14, and 74 are the voltage and current of generator in dg-
axes. K, is the generator voltage constant, and K; is the
generator current constant.

C. System Control Philosophy

For existing hybrid shipboard power management is usually
arranged in line with the hierarchical control framework. The
basic structure is shown in Fig. 7.

Tertiary Control
Optimal Power Management

i

Secondary Control
Grid Constrains, Voltage Coordination

!

Primary Control
Loading Sharing, Voltage Control, Power Control

Fig. 7. Hierarchical control framework for shipboard power management,
where the primary and secondary control have been applied.

In hierarchical control, the primary control level is to handle
the load sharing among the hybrid power sources. The secondary
control level includes the grid voltage coordination and to ensure
bus signals at their operating ranges. The tertiary control level
is used to achieve optimal operation with intentional objec-
tives [34]. In this study, the primary and secondary level power
management control have been achieved, while the tertiary
control will be considered in future’s research work.

The basic load sharing mechanism in dc-distributed power
network is dc voltage droop control. Basically, with the voltage
droop control, all the power sources share the load based on the
dc bus voltage in the similar way as with frequency droop control
in ac-distributed system. The load sharing function is realized
by adjusting the voltage droop rate. In Fig. 8, it shows the load
sharing results of a dc power network with three different droop
rate setting. A steeper droop angle will cause one consumer to
take less load than one with a more flat droop angle given the
same voltage set point.

DG system is integrated into the dc network via 6-pulse
diode rectifier, and the output voltage is controlled by AVR.
The dc voltage set point is defined as the nominal dc voltage of
the rectifier. Droop increases with increasing generator speed.
Usually, the dc voltage droop rate is not larger than 5% [35].

For the energy storage power sources, such as fuel cells and
batteries, the dc voltage droop control is implemented in the
power electronic dc/dc converters. The block diagram of the
voltage control loop is as shown in Fig. 9. It is a dual control
loop, with the current control as the inner loop with the voltage
control as the outer loop. K 4, ,, is the voltage droop rate for load
sharing with other power sources.

The dc voltage droop control is simple and reliable. But due
to the complexity of hybrid dc-grid system configuration, it is
difficult to fine-tune the whole power system with one single
parameter to maintain the performance of each power source,
and ensure the system stability at the same time. It is also not
possible to achieve strategy loading or even optimized operation.
Therefore, the power control of the ESS devices is expected. The
dc/dc converter power control loop with PI controllers is shown
in Fig. 10. It is a single current control loop, where the current
reference is given by the quotient of reference power and dc
voltage.

In this study, dc voltage droop combined with power control
is implemented as primary power management scheme. The
system voltage coordination rules and constrains have been set
in power electronic converter models as the secondary level of
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System Voltage vs. Load

Vsystem g)n ststem \N“\\ ------------- Vi
© ~ T —— V
= S~ 2
Vi g h V3
V2 V3
g P
2 2 2 - \ 4 y A
Toad Toad™ Toad” L L Ly

Fig. 8.
and load sharing scheme.

(@)

TABLE I
PARAMETERS FOR THE DC-BASED DEMO VESSEL

(b)

Load sharing with 3 different droop curves. (a) Integrated dc-distributed system with three power sources and their droop rates. (b) System voltage

Diesel-generator

Fuel cell [30]

A N

Batteries

Rated power (Pgen) 410 kW Rated power (Pfc) 2*#100 kW Capacity (Epqtt) 113 kWh
Nominal voltage (Vgp.) 400 VAC Min. power (Pfc_min) 20 kW Max. charge voltage (Viait_max) 350VDC
Nominal current ({,p.) 592 A Operating voltage (Vi) 355-577 VDC Nominal voltage (Vpgtt) 300 VDC
Frequency (F7,) 50 Hz Rated current (/) 2%257 A Min. voltage (Viatt min) 268 VDC
Speed (Spd) 1500 rpm | Max. Temperature (Thqs)  70°C Max. discharge current (Ipq¢t_disch) 250 A

Inertia (Jge) 10 kgm? Fuel Type Hydrogen Max. charge current (Ipqtt_ch) 200 A

Power factor (pf) 0.9 H> pressure 3.5-5 Barg Operating state of charge range (SoC)  20%-80%

Fig. 9. DC/DC converter control scheme I - Voltage control loop.
P~ p i* N D,
Ve / > jC ﬂ?—v Pl > jF >
Fig. 10. DC/DC converter control scheme II - Power control loop.

power management.The ESS device output power or voltage
shall be regulated according to the reference command if the
corresponding control scheme is selected. Two different opera-
tion modes will be studied in this article: Zero-emission mode
and DG in-parallel mode.

D. System Simulation Results

A small-scaled tugboat power plant is configured as the target
vessel for simulation test. It is a typical hybrid shipboard dc-grid
system design, as shown in Fig. 2. It comprises two sets of
200-kW fuel cells, two battery arrays with capacity of 113 kWh
and two 410-kW DGs as the back-up power. The detailed
system configuration parameters for this dc-based demo vessel
are shown in Table I. The simulation tests are performed with
two operating modes, respectively: Zero-emission mode and DG
in-parallel mode. The test results are shown as follows.

1) Zero-Emission Mode: During the zero-emission mode

operation, there is no DG online. The battery units are

working under the voltage control scheme to regulate the

system dc-grid voltage level. Two battery sets share the

load via voltage droop control. Fig. 11 shows the simula-
tion results for the dc-grid hybrid power plant performance
under zero-emission operation.

a) T = 3-15 s: The load power increases to 300 kW. The
total load demands are supplied by two fuel cell mod-
ules and two battery units. Fuel cells follow the power
references from the dc/dc converter, while batteries
share the remaining required power equally when the
voltage droop rate is set as the same value. In this test,
voltage droop rate is set as 3%.

b) T = 15-30 s: The propulsion load is dropped. The bat-
teries switch to charging mode to absorb the remaining
power from network for future usage.

¢) T = 30 s—end: the load is increased to peak, around
400 kW. The batteries discharge and provide the power
supply for the peak load demands.

It shows that the dynamic response of fuel cells is relatively

slow and it needs the battery systems’ support to fulfill the

peak ship load. With voltage droop control, the system dc
voltage slightly varies according to the different loading
conditions. Two fuel cells are operated independently
according to their own reference profiles. Usually in real
practice, fuel cells can be set to provide the average load
demands [36], and the batteries are to enhance the system
dynamic performance and boost the power supply during
peak load.

2) DG in-Parallel Mode: When the system is under DG

in parallel mode, the DGs connect to dc network via a
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Puoad (kW)
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Poawr (kW)

Fig. 11.
plant model. (b) Dynamic behavior of fuel cell devices and batteries.

6-pulsed passive rectifier. The online diesel generators
dominate the system dc voltage level naturally by its ter-
minal ac voltage. In this case, battery systems are switched
to power control scheme which is similar to the fuel
cell control method to provide the output power flow as
reference required to achieve an ideal loading strategy and
optimization control. Fig. 12 shows the simulation results
of the hybrid ship power system under DG in-parallel
mode.

a) T=3- 15 s: The load power increases to peak 400 kW.
The fuel cell modules follow the power reference com-
mands from the dc/dc converter. The propulsion load
variations are absorbed and equally shared between
two battery units. The voltage droop rate here is set as
2% for both the DGs so that they are able to share equal
100-kW load throughout the simulation.

b) T = 15 - 30 s: The propulsion load is dropped. The
batteries switch to charging mode to absorb the extra
power for future usage.

¢) T =30s - end: The power of the load is shooting up to
the peak again. The batteries discharge and boost the
total power supply.

In this simulation test, fuel cells and battery systems provide
the power supply according to the power allocation reference,
and the remaining power demands from the network go to DGs
online. Similar to the zero-emission mode, the batteries function
as the dynamic enhancement to support the system dynamic
performance. To maintain system stability, the generators shall
remain stable outputs, and usually, it can be set as the average
load demands.

Vie (V)

800

"""""""""""""""""""""""" FC 2
400 | | | |
400 T T T

0 10 20 30 40 50
time (s)
(b)

Simulation results for the dc-based shipboard power grid model for demo vessel. Zero-emission mode. (a) Power split of the hybrid shipboard power

For both zero-emission mode and DG in-parallel mode sim-
ulation test, the different power sources are integrated into the
common dc-distributed power network and able to satisfy the
load demands. The system power load sharing is under dc
voltage droop combined with power control scheme. During
both of the operation modes, the power reference profile for
the two fuel cells are set differently. This system-level hybrid
power plant model provides the control freedom to interface
with different tertiary level power management algorithms.

IV. HIL SETUP

Control algorithm testing can be time-consuming, costly, and
potentially unsafe if the test is against a real hardware-based
system. Therefore, software-based plant model is considered
for replacing the real system and to generate the operational
profile of a vessel. A HIL setup is expected to provide real-time
simulation of the shipboard power system behavior and dynam-
ics, as well as the hardwired interfaces with control signals and
communication protocols. HIL test is able to ensure high quality
of the control software. It is a reliable verification and validation
method to prototype the controller before implementing the
control algorithm into a real hardware environment [37].

In this study, the shipboard power system plant model is
successfully built and run on a real-time Speedgoat target
machine, which provides real-time simulation of plant model
behavior and dynamics as well as the communication interface
with field-bus protocols. The power and energy optimization
control algorithms are developed and downloaded to a B&R
brand X20CP3586 programmable logic controller (PLC)-based
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(b)

Simulation results for the dc-based shipboard power grid model for demo vessel. DG in-parallel mode. Frequency of the DG is 50 Hz. (a) Power split

of the hybrid shipboard power plant model. (b) Dynamic behavior of fuel cell devices, batteries and DGs.

'
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l Matlab coder}

Plant Model
C code

Ethernet 1
Ethernet 2

I

B&R PLC

Speedgoat Target

Fig. 13.  HIL topology scheme.

embedded control system. The available real-time Fieldbus com-
munication protocols between the plant model and controller are
Profinet and Profibus for this setup. In this study, the topology
diagram of the HIL test bed is shown in Fig. 13.

V. SYSTEM MODEL VALIDATION

In this study, the mathematical shipboard power system model
and HIL plant are both validated against the full-scale hybrid

power plant system. The actual power grid facilities are located
at ABB collaborated hybrid power laboratory in MARINTEK,
at Norwegian University of Science and Technology, in Trond-
heim, Norway. The main objective of this experimental valida-
tion test is to verify that the response of the modeled shipboard
power system matches with the actual system response. The
DGs and fuel cells with battery energy storage will be validated,
respectively, according to the actual lab setup.

The system configuration of the MARINTEK laboratory is
based on a full-scale hybrid AES with ABB onboard dc-grid
system. The lab arrangement diagram is shown in Fig. 14. The
lab is equipped with two 410-kW diesel engines and variable
speed generator sets, two 30-kW fuel cell devices, plus one
55-kWh battery ESS. Power sources are connected to the dc-bus,
and system loading conditions are simulated with two control-
lable electric motors. Fig. 15 shows the equipment setup in
MARINTEK lab.

In the first validation test, one DG and one 55-kWh battery
system are in use. The validation test results are shown in Fig. 16.
The load profile is designed as four ramp-up cycles The dynamic
response of a DG is limited by its mechanical characteristic,
and so the battery banks are there to boost the system dynamic
performance to achieve the load demands. In this test, the
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FC1 FC2
=

A

Fig. 14. ABB MARINTEK lab setup diagram, where M1 & M2 are the
propulsion motors, and Brakel & 2 present the controllable thrusters load.

I: -

& .
Diesel Genset PR
Propulsion Motor

4
Controllable Load &Brake

Fig. 15.  ABB MARINTEK lab in Trondheim, Norway.
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Fig. 16.  Validation test I: To compare the system response between simulation
model and HIL plant target in DG in-parallel mode.

simulated results from the Simulink model can match well with
the actual recorded test. The overall mean average percentage
error between the mathematical plant model and actual system
is around 0.51%, and the average error between HIL plant and
actual system is about 1.82%.

In the second validation test, two fuel cell modules and the
same battery system are configured. The test results are shown in
Fig. 17. During the first 100 s, the two fuel cells were powered up
with 9-kW output one after another. The power drawn from the
batteries was reduced with the increasing power supply from
the fuel cells. From the 120 s, the load demands are reduced
below the fuel cell power supply so that the batteries are charged
by the fuel cells. Between 100 to 480 s, the fuel cells provide
the constant power output, while the batteries absorb the load

Pload (KIV)

— Actiual I I I I T
|| — Simulated | ! : .
HIL

Prey (kW)

Pres (KIV)

— Acthal

Paa (K1)

| |
—30 5 500 600 700

time (s)

| | | i
100 200 300 400

Fig.17.  Validation test II: To compare the system response between simulation
model and HIL plant target in Zero-emission mode.

variations. From the 480 s onward, the power references for fuel
cells are altered so that the batteries provide the remaining power
to the load. The mean average percentage error is about 1.98%
between the mathematical model and the actual system, while it
is about 1.47% between HIL plant and the actual system.

To compare the test results, it can be seen that the system
simulation and HIL results compare well with the experimental
values recorded from the site. In addition, the transient rise time
and steady-state power output for all DG, fuel cells, and battery
power sources for both mathematical model and HIL plant can be
in line with the actual system responses. Therefore, the proposed
hybrid shipboard power plant model can be used to represent the
physical system behavior.

VI. CONCLUSION

In this article, adc-distributed hybrid shipboard power system
configuration has been studied. A system-level fuel cell-fed
hybrid shipboard power grid system with dc distribution has
been modeled. In addition, an HIL plant model platform has
been set up and tested in a lab environment. Finally, both
the system mathematical model and the HIL plant have been
validated against a full-scale hybrid shipboard power system.
This research work provides an essential platform and solid
foundation to apply optimization control of power and energy
management strategy in future work.
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