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Abstract

Green ships with hybrid renewable energy systems become important resources of demand side management, when
ships in port have the grid connection. Variance of electricity tariff has influenced the optimal solutions to power
management. Current power management methods for stand-alone green ships cannot be applied to this new situation.
To enable tariff-driven power management, a unified model is proposed for a green ship under different time-of-use
(TOU) tariffs. In the proposed model, diesel generation, solar energy, and battery storage could support auxiliary
power demand, and the surplus of solar energy could be sold to grid when the ship is connected to grid. A power flow
dispatching problem is then formulated as the optimization of operational cost. To cope with variance of tariff, solar
energy, and on-board load demand, a receding horizon control approach is employed to ensure a closed-loop control
mechanism. Experimental results indicate the tariff-driven model can effectively reduce the overall cost of green
ships, and the receding horizon control can improve the performance in terms of fuel consumption and greenhouse
gas emission.
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1. Introduction In general, photovoltaic (PV) panels have to be
equipped together with storage components (battery,
Over 90% of cargoes are transported by ships over ultra-capacitor, and so on) for providing stable and sus-
the world, while greenhouse gas (GHG) emission and tainable power. Multiple renewable sources and storage
fossil fuel consumption are two critical problems in the components are usually combined in a hybrid renewable
shipping industry. In 2007, international shipping is re- energy system (HRES). In the stand-alone application,
sponsible for approximately 3% global GHG emission, e.g., remote communities, the HRES is able to supply
and 277 million tons of diesel/gasoline, in which the electricity for off-grid customers [3, 4, 5, 6]. In the grid-
dry bulk shipping is the first contributor with about 52 connected application, e.g., the berthing green ship, the
million tons [1]. To suppress the continuous increase HRES can also serve as distributed generation to sell the
of GHG emission and fossil fuel demand in the inter- surplus of renewable energy on grid, which can bring fi-
national shipping, international maritime organization nancial profits on the electricity market [7, 8, 9]. Re-
(IMO) has issued strict regulations for shipping energy searchers have studied many theoretical and practical
efficiency and GHG emission. Therefore, green ship issues arisen in HRES applications, including optimal
technologies become urgent to improve shipping energy design [10], scheduling and control [11, 12], maximum
efficiency and reduce GHG emission. One of the most power point tracking (MPPT) [13], and economic anal-
popular technology is to find clean energy to take the ysis [14, 15].
place of fossil fuel [2]. Renewable energy (RE) re-
sources have played increasingly significant roles to re-  Inrecentyears, the HRES has been applied to hybrid-
duce fuel consumption and GHG emission in the green electric ships and all-electric ships [16]. On the one
ship. Among available RE resources, solar energy is the hand, new green ships are built with electric power sys-
most promising option of green ship, as solar is clean, tems, including PV, diesel generators (DGs), and bat-
safe, omnipresent, and freely available. tery [17, 18, 19]. On the other hand, existing fossil fuel
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Nomenclature

Pi(t) pawer flow from diesel generator to internal bus (kW)
P(t) power flow from internal bus to battery (kW)

Ps(t) power flow from battery to internal bus (kW)

Pa(t) bidirectional power flow between grid and internal bus (kW)
Ppv(t) power output of PV panels (kW)

Poi (t) propulsion load of green ship (kW)

Py (1) auxiliary load of green ship (kW)

Po(t) power output of diesel generator (kW)

P& maximal power output of diesel generator (kW)

Po&x minimal power output of diesel generator (kW)

pm allowable maximal power on thi#h line (kW)

\% status of switch on the grid connection

v inverse status of switch on the grid connection

S(t) state of charge (SOC) of battery (%)

gnax allowable maximum SOC (%)

gmin allowable minimum SOC (%)

Q capacity of battery (kwWh)

nc charging efficiency of battery (%)

No discharging efficiency of battery (%)

p(t) price of electricity ($/kWh)

ships are undergoing energy efficient retrofit , and the To improve operational efficiency, power management
HRES is installed to meet the axillary demand, such as has been studied for an electric ship with fuel cell, bat-
loading, unloading, lighting, heating, cooling, and other tery, PV panels, and diesel generators [19, 23]. For
on-board hotel services [20, 21]. Compared with the crane ships, lithium-ion batteries have been employed
fossil-fuel ships, the hybrid-electric ships are less de- to take part into power management, in which a hy-
pendent on fossil fuel, and have more integration of so- brid control strategy is developed to reduce fuel cost and
lar or wind energy. The use of renewable energy can im- GHG emission [21].
prove energy efficiency of ship, enhance reliability and  Other than the off-grid mode, green ships sometimes
quality of power supply, and reduce shipping cost and work on the grid-connected mode, when the shore-side
GHG emission. The hybrid power system on the green grid power is available [20, 24]. As reported in [25],
ship is usually regarded as a special case of mobile mi- average harboring time of bulk carrier ship is about 2
crogrid, which appears more complicated characteris- months per year. As the shore-side power is usually
tics than the microgrid on land. System configurations cleaner than the power generated on board, the use of
are different when the ship is on voyage and berth, re- shore-side power, called cold ironing, can effectively
spectively. Environmental conditions are also extremely reduce annual fuel cost and GHG emission, when the
varying for the mobile microgrid. For the green ship, green ship is on berth. With the help of HRES, solar en-
the mobile power system works on two modes, i.e., off- ergy can be used to supply the on-board demand instead
grid mode (stand-alone mode), and on-grid mode (grid- of the shore-side electricity, and electricity cost can be
connected mode). significantly reduced. In [20], a green cruise ship has
For the off-grid mode, many results have been re- been studied for delivering PV power to grid, and a rule-
ported in terms of optimal sizing [17, 18, 22], and power based strategy has been developed to satisfy auxiliary
management [19, 21, 23]. In [17], an optimal sizing demand with batteries. In [24, 26], a unit commitment
problem of stand-alone green ship has been formulatedproblem has been studied to optimally allocate power
to minimize investment cost, fuel cost, and GHG emis- output of each diesel generator, in which cold ironing is
sion, in which seasonal and geographical variation is considered.
considered for different routes. Interval optimization Considering bidirectional power flow between green
and clustering-based optimization methods have beenship and shore-side grid, electricity tariffs must influ-
proposed to determine the optimal size of energy stor- ence electricity cost of cold ironing, and possible reward
age system with uncertain PV power and load [18, 22]. from selling renewable energy to grid. Thus, the change
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of electricity tariff will drive a different optimal solution

to power management. To our best knowledge, very )
limited studies have evaluated tariff effects on power ~PV-DG-battery (PDB) hybrid systems are success-
management of hybrid-electric ship. As a kind of de- fully applied to green ships [19, 23]. The PDB system
mand side resources, on-grid green ships could take partS made up of three main subsystems, i.e., PV panels,
into demand response programs, such as, time-of-usedattery storage, and DG. The ship load includes propul-
(TOU), and real time pricing tarrifs [27]. In this paper, sion load and auxiliary load. Auxiliary load consists of
the TOU tariff is studied as an instance of tariff-driven  lights, water heating, air conditioners, plug-in devices,
demand side management (DSM) of green ship. In the and other on-board lhotel facilit.ies. Fo_r the PD.B hybrid
DSM, the HRES on a green ship can help owners to System of green ship, the basic requirement is to keep
reduce electricity cost, and also can help utilities to en- the power balance, and to reduce operational cost and
hance grid security and efficiency. Tariff-driven DSM GHG emission.

of on-grid ship is more complicated than usual power ~ Regarding to different volume and rated power, the
management of off-grid ship, as demand-side m(fjmage_hybnd. elec_trlc ship can be categorized into two types.
ment is required to consider the variance of electricity The first kind of ships, such as, bulk cargo vessels,
price and incentive reward, as well as the variance of Which has large volume and rated power, only depends
renewable generation and load demand. One challengePn DGs for the propulsion power. The solar energy
of tariff-driven power management is to find an opti- IS Used to meet the hotel and auxiliary load, as shown
mal control strategy for consuming grid power at the N Figure 1(a). The second kinds of ships, such as,
low-price period, and for selling renewable energy atthe Cruises and ferries, usually have smalllvolume and rated
high-price period, while physical constraints have to be Power. Both DG and solar energy are integrated to sup-
satisfied. Another challenge is to integrate the new ca- Py power for the propulsion load and auxiliary load, as
pability of tariff-driven DSM into existing power man- ~ Shown in Figure 1(b).

agement systems, which mainly focused on the off-grid I this paper, we study the power management of a
management. The green ships often switch between'etrofitted green ship, which belongs to the first type,
on-grid and off-grid modes, especially for short-route @S Shown in Figure 1(a). The propulsion load is di-
ships, such as ferry and cruise. For this purpose, these€ctly supplied by the DG. For the auxiliary load, the
challenging problems will be responded in the tariff- PV power has the first priority of usage, and the battery

driven power management of green ship. takes partin the power sy_pply when the PV output is not
enough to meet the auxiliary load. Only when both PV

and battery cannot meet the ship load, the DG eventu-
ally comes in due to its highest cost.
Note that there is an internal bus in the hybrid electric

2. Hybrid renewable energy system of green ship

The contributions of this paper include three aspects.

Firstly, tariff effects are studied for the power manage-
ment of green ship with HRES, which is formulated as
an optimal power dispatching problem to minimize the
operational cost. Secondly, a unified tariff-driven power
management system for off-grid and on-grid modes is

ship, as shown in Figure 1. The shore-side grid can be
connected with the ship internal bus for the cold ironing.
The propulsion load is denoted Bg, and the auxiliary
load is denoted aB,. The power flows from the DG,
battery and PV to the bus are denotedPgs; andPyy,

proposed to optimally schedule the ship all the time. respectivelyP represents the.powerflow from the bus
Thirdly, receding horizon control is proposed in the {0 battery. The subsystems, i.e., PV, DG, and battery,
green ship application, so that system disturbances onare introduced as follows.

solar energy and load demand can be detected and cor-

rected. The resulted performance is promising with re- 2-1. PV panel

spect to energy efficiency and robustness. This paper A solar panel usually consists of several solar cells
is organized as follows. A HRES is introduced for the to convert solar irradiation into direct current power. In
green ship in Section 2. Optimal power management the application of green ship, the PV panels installed
problem of off-grid green ship is formulated in Section in different parts of ship can be categorized as different
3. Atariff-driven power management model is proposed groups, e.g., the PV panels installed on the top deck, the
in Section 4. Receding horizon control is proposed to lower deck, the vertical surface, and some discontinu-
control power flows for the minimization of operational ous space. These groups may have different irradiance
cost in Section 5. Results and discussions are presenteénd shading characteristics during the long-term voy-
in Section 6, while the last section is the conclusion. age. The power output of each PV panel can be simply
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. H brid system to supply the auxiliary demand, when solar
HEN -« S 2C : power and battery storage are insufficient. It is a com-
"\ = Audianlond ' mon sense that the fuel consumption is determined by
6.-54 Fa the power output. This relation is usually expressed as a
[ Propulsion H quadratic model [24, 26]. The fuel consumption can be
| — Green Ship e meeeeeeceeeceneces - formulated as
(b)
HpG (t) = diPb () + daPb (t) + ds, 4

Figure 1: Schematic of the off-grid PDB hybrid system

on green ships: (a) DG propulsion; (b) electric propul- WhereuDG is diesel consumpti.on rate (the volume of
sion. diesel consumed per houRx (t) is the power output of

DG; dy, d2, andds are generation coefficients. When
the power output is large, the DG efficiency is large (the
formulated as: fuel cost per kwWh is small). According to Eq. (4), the
hourly fuel cost can be calculated. DG’s power output
Pov(t) = Npvlpv(t)Ac, (1) has to be restricted between the rated power and speci-

. . . fied minimum value as
wheret is the time of dayPyy is the power output from

the PV panely,y is the efficiency of solar generation;, PN < Py(t) < PI (5)
Ipv is the solar irradiation incident on the PV pang; _
is the size of PV panel. wherePg'®is the rated power ang"" is the minimum

The hourly solar irradiation incident on the PV panel requirement of power output.
has complicated relations with time of a day, season of
a year, tilt, location, global irradiation, and diffuse frac- 2.3. Battery bank

tion. In this study, the simplified isotropic diffuse for- Many kinds of battery, such as Lead-acid, Nickel-
mula is used according to [28, 29]. The solar irradiation pased, and Lithium-ion cells, have been used in the
incident can be expressed as PDB hybrid system. In general, the battery storage
is closely related with maximum capacity and state of
Tpv(t) = [I8(t) + 1o ()R (t) + In(t), (2)  charge (SOC). Note that SOC is defined as the percent

of remained storage.

The SOC could change dynamically due to possible
charge or discharge. L&t) denote the SOC of battery
at timet, and S(0) denote the original SOC. The change
of SOC can be formulated as

wherelg is the beam component of global irradiation,
andlp is diffuse irradiation.Rg is a geometric ratio of
actual irradiation on the tilted plane to the standard irra-
diation on the horizontal plane.

The efficiency of solar generation can be expressed t

as a function of the irradiatiolp, and the ambient tem QS(t) — QS0) = nc/ i Po(1)dT — — Py(1)dr,
=

peraturela as Np Ji=0
(6)
0.9B1pv(Tco — Tao) whereQ is the maximum capacity of batter(t) is
Mpv="NR |1 |0 _B(TA_TR)] : the power for charging the battery at tirhePs(t) is
3) the power of discharge at tinte The first component
wherengr is the PV generation efficiency that is mea- at the right-hand side means the total energy stored to
sured at the referenced cell temperafig€25°C); (8 is the battery, and the second component means the total



energy consumedjc < 1 andnp < 1 are charging ef-
ficiency and discharging efficiency [9, 30]. The charg-

can indicate the amount of charging/discharging cy-
cle, as the battery usually works in full cycles due to

ing/discharging loss comes from the heat loss of cells SOC boundary. In the second component, we assume

and converters.
By the differentiation at both sides of Eq. (6), the dy-
namics of SOC can be expressed as

= Tp,1)

. ~ Lo,

Qno @

S(t)

The battery has strict constraints on the upper and
lower bounds of SOC. The upper bound is defined as

S"aX and the lower bound is defined &'" in this
paper.
[smin gmax,

3. Power management of off-grid mode

For the voyaging ship, how to minimize the fuel con-
sumption for each day is a critical issue of power man-
agement, which is referred to power flow dispatching.
Optimal dispatching will be studied to determine daily
schedule of PDB hybrid system for minimizing the fuel
cost. The daily fuel cost is formulated as

N—-1
Ci=p Y [hR3() + Pk +ds),  (8)
k=0

whereN denotes the evaluation period. The sampling
period is an hour for instant, $¢ = 24 for a day. Note
that the sampling period can be determined by usgrs.
is the fuel cost over the evaluation periqais the fuel
price.Pp(K) is the diesel’s power output over the period
[k,k+1), which can be expressed as

Po (k) = Ppi(K) +Pu(k), (9)

wherePy, (k) is the propulsion load over [k,k+1).

Furthermore, each component of PDB hybrid system
suffers from continuous wearing over the rated lifetime
[4]. According to [8, 31], the daily wearing cost of sys-
tem can be simplified as

N-1
Co=m ) [Pa(K)+Ps(K)]+ N2, (10)
o

where the first component is the wearing cost of battery,

the constant wearing cost, as the wearing rate rarely
changes for a given transportation task, e.g., the fixed
propulsion load and the fixed frequency of start/stop.

Considering fuel cost and wearing cost, the objective
of optimal power flow dispatching is to minimize off-
grid operational cosi; as

Ji=C+Co. (11)

For the application of green ship, several physical and

The SOC must be bounded within the scale operational constraints have to be satisfied.

(1) Power balance constraint: The PV power, bat-
tery power, and possible DG power output must exactly
match the auxiliary demarig,. Power imbalance may
harm all electric components in the PDB system. The
power balance can be formulated as

P1(K) 4 P3(k) + Pov(k) = Po(k) + Pai (k).

(2) DG output constraint: The DG power output must
be less than the rated power and larger than the specified
minimum.

(12)

PO < Pyi(K) + Py(K) < P3@ (13)

(3) Power flow constraint: For safety and other phys-
ical reasons, power flow on each line must be bounded
by a maximum value as

0<R(k)<RMi=123, (14)
whereP™is the allowable maximum power delivered on
theith line.

(4) SOC boundary constraint: During charging or dis-
charging, SOC has the upper and lower bound for ensur-
ing state of health.

ghin < g(k) < S (15)

(5) SOC terminal state constraint: For the conve-
nience of daily dispatching power, the terminal SOC of
battery must be no less than the initial SOC as

S(0) < S(N).

For the off-grid mode, the power flow dispatching

(16)

and the second component is the wearing cost of otherproblem is modeled as a standard quadratic program-

subsystems, such as DG and solar paneis the coef-
ficient of battery wearing, ant is the hourly wearing
cost of other componentsry(= 0.001 andr, = 0.002

ming problem with equality and inequality constraints.
In this optimization model, the objective function is
(11), and the constraints include (12-16). The control

in the studied system.) Note that the first component variables aré; (k), P>(k), andPs(k) for each hour. Like
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other off-grid power flow dispatching models [24, 26],

wherepy is the price of peak load periof; po is the

PV output and auxiliary load are assumed known as price of off-peak periody; ps is the price of standard

priory knowledge in this study. Short-term deviations

can be taken over by the ship real time control system
through certain adjustment mechanisms [26]. In a day,

periodTs.

Let P, denote the bi-directional power flow between
the grid and green ship. Defirig > 0 when the grid

load demand and PV power are series of data indexed bypower flows to the ship, anéy < 0 when the ship sup-

time, which can be forecasted based on historical data.
Time series analysis models, including autoregressive

(AR) [32] and neural networks [33, 34, 35], have been
studied for short-term and long-term forecast of future
PV and load profiles. Note that electricity tariffs have
no effects on power management for the off-grid mode.

4. Tariff-driven power management

When the green ship has stopped in the harbor for

plies power to grid. It can be noticed that the role of
ship, as load or distributed generation, determines the
sign of P4. For safety, the bi-direction power flow has to
be bounded as

—P < Pa(k) < P, (18)

whereP}" is the allowable maximum of power flow on
this connection.

The daily cash flow, associated with buying and sell-

is zero, and the green ship has the grid connection. Elec-

tricity tariffs at harbor have great effects on the solution
to power management. For this on-grid mode, power
management requires a tariff-driven power dispatching
method, and the off-grid dispatching method is not able
to suit the on-grid mode. The structure of on-grid green
ship is given in Figure 2. In this paper, the TOU tariff is
considered as a typical incentive policy for studying the
tariff-driven power management.

Grid iy Ps
v
yeeeeeeseccccccccccccccccccccccnocnoceacnacoccnccnoannn N
r ~__ _Imternalbus_ ¢ \
’ .
T v Ps P> le v Fp H
/ ) :
/ \
S [ HlH '
S Battery DG H
4 PV Auxiliary load| !
\ '
" .:
‘\‘ t..‘a'g Py !
‘\ A '
S Propulsion H
™ Green ship !

L -

Figure 2: A unified structure of green ship

In the TOU tariff, electricity price changes over dif-
ferent periods according to the imbalance situation be-
tween power supply and demand. For example, a high
price is paid for the peak load period; a medium price is
paid for the standard period; and a low price is paid for
the off-peak period. In this study, electricity price at the
target harbor is

P, teT,
p(t) = Po, te To, (17)
pSa te T57

N—1
Cs= K)Pa(K), 19
3 k;)p()4() (19)

whereCs represents the daily cash flow driven by the
TOU tariff. Note thatC; > 0 means cash-out, i.e., elec-
tricity cost. C3 < 0 means cash-in, i.e., electricity re-
ward. For the on-grid situation, the minimization of
daily cash flow is expected in the tariff-driven power
management.

The capability of tariff-driven dispatching will be in-
tegrated in the existing power management system. In
this paper, a unified dispatching model will be studied to
handle both off-grid and on-grid modes in an automatic
manner. For the unified model, power flow dispatching
has to consider the optimization of fuel cost, wearing
cost, and possible electricity cost caused. The optimiza-
tion problem is closely related with the status of switch.
Based on the on/off status, the objective function can be
expressed as

J=C1+Co+VGs. (20)

where], is the daily cost of the unified model.is the
status of switchy = 0 means off-grid mode, and= 1
means on-grid modeC; is the fuel cost expressed as
Eq. (8);C, is the wearing cost expressed as Eq. (10);
Cs is the electricity cost expressed as Eq. (19).H 1,
grid connection is introduced, and tariff-driven power
management is enabled.

Based on the status of switch, constraints, e.g., power



balance and boundary, also have to be re-formulated as  Initial state o Control input
V(0). SOC(0), k=0 Op ion Pi(k) Green ship
Pi(k), Pi(k+1), =+, Pi(k+23)
Pl(k) + Pg(k) —|—VP4(|() + va(k) = Pz(k) + Pa|(|(),
(1-v)PE" < (1—V)Pyi(K) + Po(k) < (1—v)P5™, A
0<Pi(k) < p{nax’ ekt
0 < Py(k) <P
0 < P3(k) < PF™ Figure 3: lllustration of receding horizon control
—PI' < vRy(k) <P,
gnin < S(k) < Smax’
S(0) < S(N), feedback information, i.e., the SOC and the status of
(21) switch. For each time, only the first component of op-

For the unified model, three main characteristics are timal solution is employed to control the hybrid sys-
essential. Firstly, when the switch is off, the model must tem. For example, a voyaging green ship will arrive
be equivalent with the proposed off-grid dispatching at the harbor and connect to grid after 20 hours. Af-
model. The optimal solution ensures minimal fuel cost ter detection of current state, the unified optimization
and wearing cost during the voyage. Secondly, when model is an off-grid model, and the daily schedule of
the switch is on, the surplus of PV power can be sold off-grid ship can be obtained by the optimization over
to grid, and the hybrid system serves as a role of dis- the prediction horizon, i.e., 24 hours. The first compo-
tributed generation. This could help release the peaking nent of optimal solution is the power flow for the 1st
burden of grid, and earn possible incentive reward that hour, which is employed as the control input. The SOC
depends on the policy of harbor. Thirdly, for taking ad- may be changed due to possible charging or discharg-
vantage of incentive policies, battery can store the grid ing. After 1 hour, the switch is still off, and the same
power at the off-peak time, and can be discharged dur- procedure is repeated, until the green ship is connected
ing the peak time. to grid. After 20 hours, the status of switch is on. The

As aresult, the unified model successfully covers off- unified optimization model is an on-grid model, and op-
grid and on-grid modes. In Figure 2, two modes are timal dispatching can be obtained by the optimization of
changed by a switcN. The green ship is on-grid if  operational cost. The first component of optimal solu-
the switchV is on (i.e.,v=1,v=0). If V is off (i.e., tion is the power flows for the 21th hour. This procedure
v=0,v=1), the green ship is off-grid. For the off-grid is repeated till any stopping criterion is satisfied.
situation, the system structure is the same as Figure 1(a). The procedure of receding horizon control for the
In a unified model, the status fis a variable detected  green ship has been given in Algorithm 1. An opti-
in real time, and then the optimization of power flow is  mization problem over the prediction horizon is repeat-
re-conducted periodically. ¥ =0, it is obvious that  edly solved k= 0,1,...). The optimization variable is
the unified model is equivalent with the off-grid model the power flows over the followinty intervals. At the
studied in the previous section. ¥f= 1, the unified  kth sample, based on current states detected, an opti-
model can reflect all essential characteristics of the on- mal solution denoted g# (k|k), B (k+ 1/k),...,B(k+
grid mode. N —1/k)]" can be obtained. Only the first component of
solution, i.e.,R(k|k), is used as the control input over
[k,k+1). Notethattherecedinchorizoncontrolhasthe

mechanisms of feedback and real-time control.

Based on current status, optimal schedule over next Receding horizon control is also called model predic-
24 hours can be obtained via the optimization of the tive control (MPC) [36, 37]. The key concept of reced-
unified model. However, the status of switch and the ing horizon control is that control variables are calcu-
SOC of battery could change over next 24 hours due lated by using the optimization approach, but only the
to uncertain solar generation and traveling time. This first component is taken as the control input at the cur-
happens when the green ship is about to approach therent stage. As the optimization is conducted based on
harbor or to leave. Then, the original scheduling results the current observation of state variables, state feedback
cannot be used to control the PDB hybrid system. For is inherently incorporated in the receding horizon con-
this purpose, receding horizon control is proposed basedtrol. For the next interval, the prediction over the reced-
on periodic optimization, as shown in Figure 3 ing horizon is recalculated. As the close-loop control

In the proposed receding horizon control, the op- isimplemented based on real-time updated information,
timization proceeds iteratively to utilize the real-time the disturbance can be detected and corrected in the pro-
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1 Setk=0; 6. Resultsand discussions

2 while the stopping criterion is not satisfietb

3 Detect the SOC and the status of switch;

4 Minimize the objective function (20) subject t
constraint (21);

6.1. Experimental results

A certain hybrid electric green ship with maximum
power 500 kW is evaluated in this section. Note that the
5 For the optimal solution, appEN’l(klk) to the studied ship has been properly designed for matching its

system at the perioi, k + 1); rated \{olumg gnd power. Some'advance.d methods, such
5 K=kt 1: as optimal sizing and economic analysis [10, 17, 38],
can be considered at the design stage of new green ships.
i . ] As the scope of this paper is the power management
Algorithm 1. Pseudo-code of the receding horizon  or scheduling the operation of green ship, the issues
control approach on system design are excluded in this study.
\Voyage tests at the ocean area of South Africa, are
reported in the paper. Note the voyage schedule is cal-
posed approach. . ~ culated via other motion planning methods, while trav-

In the receding horizon control, each optimization g|ing constraints must be satisfied in the resulted voy-
problem is a quadratic programming problem. Let zge schedule. For the given route, the operational cost
u(k) = [P1(k), P2(k), P3(k), Pa(k)] denote the controlin- of ship will be evaluated under different seasons (sum-
puts. Then the minimization of function (20) can be mer ys. winter) and weather (sunny vs. cloudy). The
converted into a standard form of quadratic program- strycture of PDB hybrid system is the same as Figure 2.

o

7 end

ming as In the application, the PV panels are installed in differ-
min}(UT wHxU+ fxU), (22) ent parts of the ship, i.e., top deck, lower deck, vertical

2 surface, and other discontinuous space. For the PDB hy-
whereU = [u(k),u(k+1),...,u(k+N—1)]". H and f brid system, configurations are mainly introduced here.

are parameters that can be deduced according to (20).  The storage bank consists of 272 Lithium-ion bat-
For power flow dispatching, there are mainly two teries. 4 batteries are serially connected as a set, and
types of methods, i.e., ruled based and optimization- 68 sets, connected in parallel, form the bank. For
based methods. The proposed receding horizon controleach battery, the voltage is 12 V, and the capacity is
is an optimization-based method. For the purpose of 150 Ah. Therefore, the nominal capacity of storage
comparison, a rule-based control is referred to fulfilling bank is 489.6 kwh. The PV module consists of 240
the satisfaction of constraints. In the rule-base control, PV panels, each of which has the capacity 250 W, so
the solar power has the highest priority of usage. The the rated PV outputis 60 kW. The maximal power point
solar power is employed for satisfying the load demand tracking is integrated in each PV adapter. AC/DC and
or charging the battery. If the load demand cannot DC/AC inverters are also employed for each line. The
be satisfied by the solar power, the battery power is parameters of this system are listed in Table 1. Note
used. If the batter is over-discharged, the grid power or that charging and discharging efficiency are regarded as
diesel is then integrated. For timgthe control input is 85% and 95% in this paper for the target system. During

decided as the following steps: the lifetime, energy efficiency may decrease due to sys-
(1) If Py(t) < Ppu(t), Pi(t) = 0 andPs(t) = 0. In this tem performance deterioration. This factor of efficiency
caseP,(t) = Ppy(t) — Pa(t) andPs(t) = 0 if S(t) < S™& decrease will be evaluated in the discussion part.
otherwiseP,(t) = 0 andP4(t) = Ppy(t) — Pa(t). For regular cruising, the propulsion load is 100 kW.
(2) If Py (t) > Pyy(t) andS(t) > 0.7S™ thenPy(t) =0, For berthing, the propulsion load is 0 kW. the daily pro-
Po(t) = 0, P3(t) = Py — Ppu(t), andPs(t) = 0. files of auxiliary load and PV power are regarded as

(3) If Pa(t) > Ppy(t) and S"M < S(t) < 0.7S™ then the average values over the past week before the test
Py (t) = 0, andPs(t) = 0. In this case,Pi(t) = 0 day (July 28, 2017, Cape Town), as shown in Figure 4.
and Py(t) = Py — Ppu(t) if v(t) = 1, otherwise Given known profiles of auxiliary load and PV output,
Py(t) = Py — Ppu(t) andPy(t) = 0. . optimal power dispatching can be obtained in the pro-
(4) If Py(t) > Py(t) and St) < S™, then posed control approach. Note that actual profiles of the
Po(t) = SN — S(t), and P3(t) = 0. In this case, test day could have small differences with the average

Pi(t) = 0 andPy(t) = Py — Ppu(t) + Po(t) if v(t) =1, profiles, differences will be corrected in the proposed
otherwisePy (t) = Py — Ppy(t) + Po(t) andPy(t) = 0. receding horizon control, as evaluated in the discussion
part.



Table 1: Parameters of PV-battery system

Nominal battery capacity 489.6 kWh
Battery charging efficiency 85 %
Battery discharging efficiency 95 %
Initial SOC 60 %
Minimum of SOC 40 %
Maximum of SOC 100 %
PV array’s capacity 60 kW
fuel price 0.67 $/L
Rated power of diesel 500 kW
Regular cruising propulsion load 100 kW
Minimal output of diesel 5 kW
d; 0.000036
d> 0.1728
ds 76.8
0 —*—PV
—-©-— Auxiliary Load
60 B
50 - (i}&"
Sw i |
@ [ !
§ 30 : Ge'}
2 -G-6-6-6-— - (;}O |
10
o .

10 15
Time (hour)

25

Figure 4: Daily profiles of auxiliary load and solar en-
ergy in the test

Remark 1: Although solar irradiation mainly de-
pends on time of day, it changes intensively under dif-
ferent environment, such as, location, season, orienta-
tion, and weather. For specific environmental condi-

vironment. Thus, system identification methods, such
as model-based and data-driven methods, are required
to determine propulsion and auxiliary load.

As the focus of this paper is system model and reced-
ing horizon control, the profiles of auxiliary load and
PV power are regarded as the average historical val-
ues for simplicity. More advanced forecast methods
[24, 26, 32, 39] can be utilized as preliminary steps of
the proposed approach.
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tions, daily profiles of overall PV generation on the ship Figure 5: Power flows of green ship in 24 hours: (a)
show certain periodical characteristics. Advanced pre- off-grid; (b) on-grid

diction methods can ensure promising accuracy , when
environment change is trivial.

For the 24-hour and 3-day tests, the TOU tariff (de-

Remark 2:In some simple operating situations, ship noted as TOU-1) is

load and PV output are fixed and known. For exam-
ple, propulsion and axillary load is the same as his-
torical days. The proposed model can deliver stable
performance of minimal fuel cost and GHG emission.
For complicated situations, the propulsion load is deter-
mined by the mass of ship and cargo, and auxiliary load
is time-varying due to human behavior and external en-

9

0.157, te [7,10)[18,20),
pi(t)={ 0077, te[0,6)[22 24),
0.113 t € [6,7)U[10.18)J[20,22),

(23)
(1) 24-hour test



The 24-hour test is conducted for both off-grid and
on-grid modes. For each mode, optimal power flows
obtained in the receding horizon control are plotted in
Figure 5. For the off-grid mode, the DG is the main
power supplier. Battery is discharged at midnight, and is
charged when the solar irradiation is sufficient at noon.
For the on-grid mode, the grid is the main power sup-
plier. However, battery is charged at midnight due to
low electricity price, and discharged for selling electric-
ity at the peak period. Although the DG power some-
time decreases, i.e., the DG turns less efficient, energy
efficiency of the whole system is improved. The reason
is that the reduction of DG power is taken place by the
cheap PV power or battery power.

The daily cost, including fuel cost and wearing cost,
is evaluated. Without the integration of hybrid system,
the daily cost is $1604.2. In the rule-based control,
the daily cost is $1571.3. In the receding horizon con-
trol, the daily cost can be reduced to $1566.9. If the
green ship is stopping in port with the grid connection,
the daily cost includes electricity cost and wearing cost.
Without the integration of hybrid system, the daily cost
is $81.0. In the rule-based control, the daily cost is
$47.2. Inthe receding horizon control, the daily cost can
be reduced to $29.0. It can be noticed that the integra-
tion of hybrid system can effectively reduce the expense
of ship, and the receding horizon control can achieve the
minimal cost.

(2) 3-day test

The 3-day test is conducted to verify the power man-
agement for complicated situations. The change of off-
grid and on-grid modes will be evaluated in a 3-day
route. The green ship is off-grid at 0Oam of the first day,
and gets the grid connection since 8pm of the first day.

Based on the unified model, results of power flow and
SOC are plotted in Figure 6. Before the arriving time,
the results of receding horizon control are similar with
those of the 24h off-grid experiment. The main power
supplier is the DG, and the battery is charged at noon.
In contrast, the results after arrival are similar with the
24h on-grid experiment. The main power supplier turns
to be the grid, and the battery is charged at midnight.

The overall cost over 3 days will be evaluated. With-
out the integration of hybrid system, the overall cost is
$1519.7. With the help of hybrid system, the daily cost
is $1392.5, and the SOC is 71.5% for the rule-based
control. For the receding horizon control, the overall
cost is $1368.4, and the SOC is 65%. The difference of
residual energy in the bank, worth about $3, can be neg-
ligible. It is obvious that receding horizon control can
result in an optimal strategy with the minimal cost.

It can be concluded that the unified model can effec-
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Figure 6: Experimental results of green ship in 3 days:
(a) power flows of receding horizon control; (b) SOC
profiles

tively handle two different modes, and that the overall
cost can be minimized by the receding horizon control
regardless to the change of mode. If the harboring pe-
riod is 2 months per year, the operational cost of green
ship can be reduced by about $14300 per year. Com-
pared with fuel ships without PV generation, fuel con-
sumption and GHG emission of green ship can be re-
duced by about 3% for each year.

6.2. Discussions

The aforementioned results are reported based on
tests during sunny winter days. However, the environ-
mental change must influence the solar energy on the
green ship, and the operational cost as well. Firstly, en-
vironmental effects on the green ship will be discussed
in this part. Secondly, charging and discharging effi-
ciency must change month by month due to system de-



terioration. Effects of varying parameters on the green
ship will also be discussed. Thirdly, effects of forecast
error are discussed, as it has influenced the control per-
formance. At last, effects of different TOU tariffs are
evaluated in the tariff-driven approach.

(1) Effects of environmental conditions

The green ship is tested on 4 kinds of environment,

50 -
i.e., a sunny winter day(July 28, 2017, Cape Town), a w0l
cloudy winter day (August 3, 2017, Cape town), a sunny
summer day (Jan 29, 2017, Cape Town), and a cloudy
summer day (Feb 18, 2017, Cape Town). Different en-

SOC (%)

30

20

— = —no error

vironmental conditions mainly influence daily profiles r 5 L10% solar and 905 oad
of PV power. Other parameters are assumed the same % 1 2 3 w0 s s 10
as listed in Table 1. Time (hour)
The daily cost under different environment is listed
in Table 2. For a sunny summer day, solar energy gen- ~ Figure 7: SOC's sensitivity on forecast errors

eration is the largest, so the green ship has the smallest
operational cost for each. mode. For a cloudy winter (3) Effects of forecast error
day, solar energy generation decreases the most, so the

X d To test effects of forecast error, the actual load de-
operational cost is the largest. In the same season, solarmand is assumed as 90% of the forecast of load. and the
generation on a sunny day is larger than a cloudy day, 0 '

I 0,
S0 h peratonal ot o sy ey s han o£EL1 SO PO & 5 s 1106 o e e
cloudy day. In the comparison of summer and winter, in the nepxt two days in this tg;st The SOC sensitivity on
daily solar generation in summer is larger than winter, Y ' y

) : . .’ uncertain forecast errors is analyzed as shown in Fig-
so the daily cost in summer is usually smaller than win- . ,
. ure 7. When no forecast error exists, the SOC profile
ter for the sunny and cloudy weather, respectively.

(@)Efiects ofchrgng and dschargng eficiency 2 255Ae [ e sesibty a1 can ve o
To test effects of charging efficiency, the charging ef-

ficiency is set as 95%, 85%, 75%, 65%, and 55%, re- ance of SOC. More power is stored in the battery when
the system has less load and more solar power than the

spectively. The other settings are kept the same as listed . ,
iinabIe{ Note that the i%litial SOI?: is 60% and the predicted values. The SOC profiles keep close and con-
) verge in finite time, which can indicate the proposed re-

discharging efficiency is 95%. ) .
For the receding horizon control, the daily cost under ceding horizon cgntrol has good robustness when the
forecast errors exist.

different charging efficiency is listed in Table 3. It can . .
be observed that high charging efficiency is preferred to In comparison, the actual load demand is also as-
sumed as 110% of the load forecast, and the actual solar

reduce the daily cost. When the battery gets old with .
. - . e ~ power is assumed as 110% of the forecast. When the
low charging efficiency, the daily cost will increase. Es load demand is 90% and the PV power is 110%, the

ecially for the on-grid ship, more reward can be earned -
\F/)vhen t);we charginggefﬁcierricy is larger. It is suggested electricity cost decreases to $1356.1, because more so-
. " - . lar power is stored in the battery and less grid power is
ltgv\rz?g:gr?;;;z battery when the charging efficiency is consumed. When the load demand is 110% and the PV
i ;. power is 90%, the electricity cost increases to $1379.3,

To test the discharging efficiency, the discharging e .
.- : because the actual load demand is larger than the fore-
0, 0, 0, 0, 0, -
ficiency is set as 95%, 85%, 75%, 65% and 55% respec cast value. Note that the electricity cost is $1368.4 if

tively. The other settings are kept the same as listed in forecast eror is zero
e amo ) )
Table 1. Note that the initial SOC is 60% and the charg (4) Effects of tariff changdo test effects of different

ing efficiency is 85%. ' . oy o
The daily cost under different discharging efficiency tearr;gf,aa;other TOU tariff (denoted as TOU-2) is consid

is given in Table 4. Effects of discharging efficiency
are similar with those of charging efficiency. The cost

increases, as the battery has relatively low discharging 0.132 te[11,17),
efficiency. A new battery is suggested for retrofitting p2(t) =< 0.065 te[19,24)J]0,7), (24)
when the discharging efficiency is lower than 80%. 0.095 te7,11)J[17,19),
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Table 2: Daily cost under different environment

Cloudy winter

Sunny winter

Cloudy summer| Sunny summe

off-grid cost($) 1589.4

1566.9

1581.4 1557.9

on-grid cost (%) 55.63

29 47.37 13.05

Table 3: Daily cost under different charging efficiencies

ne 95%  85%  75%  65%  55%
off-grid cost($) | 1562.8 1563.7 1564.6 15655 1566.4
on-grid cost ()| 25.87 29.04 32.67 3508 37.48

Table 4: Daily cost under different discharging efficiencies

o 95%  85%  75%  65%  55%
off-grid cost ($) | 1563.7 1564.5 15653 1566.1 1566.9
on-gridcost ($)| 29.04 3242 3457 36.72 3815

For the 24-hour test of on-grid mode, the daily cost
under TOU-1 tariff is $29, but the daily cost under TOU-
2 tariff is $-125.4. In other words, the hybrid electric
system can earn $125.4 under TOU-2 tariff. Figure 8
shows the optimal solution to power dispatching. Com-

stand-alone and grid-connected modes are considered in
a unified power flow dispatching model. The receding
horizon control is proposed to iteratively optimize oper-
ational cost, including possible fuel cost, wearing cost,
and electricity cost. Regardless of variant environmen-

paring Figure 5(b) and Figure 8, it can be observed that tal conditions, optimal dispatching strategies of green

the optimal solutions under different TOU tariffs are
also different, as peak/off-peak period and electricity
price changes.
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Figure 8: Optimal power dispatching under the TOU-2
tariff

7. Conclusion

Considering effects of different tariff, power manage-
ment of green ship, with the PDB hybrid system, is stud-
ied in the receding horizon control approach. Both the

12

ship can be obtained to reduce fuel consumption and
GHG emission by about 3% per year.

Experimental results have indicated several conclu-
sive points. Firstly, the green ship is an effective re-
source to join in demand side management. Under TOU
tariffs, optimal power management of green ship can
contribute energy efficiency improvement on shipping
industry and electricity market. Secondly, the capabil-
ity of tariff-driven dispatching is successful integrated
in the unified model of power management. Two work-
ing modes, i.e., off-grid management and on-grid man-
agement, can be handled in an automatic way. Thirdly,
receding horizon control is a robust approach to power
management of green ship. With the feedback mech-
anism, forecast errors and other disturbance have been
detected and corrected in the control, and the perfor-
mance of energy efficiency and cost saving is lasting.

The green ship studied in this paper is a retrofitted
ship with hybrid electrification. The proposed model
can be extended to all-electric green ships as future
work. Multiple generation resources, such as different
kinds of distributed energy and energy storage systems,
will be studied in the green ship in future.
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