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Two-Axis Solar Tracker Applied With All-Electric
Ship

Nattapon Boonyapakdee† , Non-member

ABSTRACT
The all-electric ship (AES) offers new hope for the

reduction of fuel consumption and carbon emissions.
To fully exploit the photovoltaics (PVs) installed on the
AES, the two-axis solar tracker is proposed to find the
best tilt and surface azimuth angles of PV panels. The
tilt angle is computed by particle swarm optimization
(PSO) regarding the time and ship location. The surface
azimuth angle is adjusted according to the hemisphere.
The dynamic performance of the proposed solar tracker
is evaluated using MATLAB/Simulink simulation. Ac-
cording to the simulation results, the proposed solar
tracker can obtain maximum energy all day, while the
voyage time, fuel consumption, and carbon emissions
are significantly reduced. Moreover, the proposed solar
tracker can effectively operate under communication
delay caused by the global positioning system (GPS).

Keywords: All-Electric Ships, AES, Solar Tracker,
Communication Delays

LIST OF SYMBOLS
𝐴𝐷 and𝐵𝐷 Coefficients of consumption curve
𝐶𝑀𝐿 Constant angle
𝐹𝐶 Fuel consumption
𝐺𝐵 Beam radiation
𝐺𝑆𝐶 Solar constant
𝐿1 and 𝐿2 Longitudes of consecutive locations
𝑁 Number of the particles
𝑃𝑘𝑖 Position
𝑃𝑘𝑝𝑏𝑒𝑠𝑡,𝑖 Personal best position
𝑃𝑔𝑏𝑒𝑠𝑡 Global best position
𝑃𝑝𝑟𝑜 Propulsion load
𝑃𝐷𝑁 Rated power of diesel generator
𝑃𝐷 Output power of diesel generator
𝑆𝑡 Current distance
𝑆𝑡−1 Previous distance
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𝑉𝑡 Ship speed
𝑎1 Proportional coefficient
𝑎2 Exponential coefficient
𝑐1 and 𝑐2 Acceleration coefficients
𝑖 Subscript denoting order number of the

particle
𝑘 Superscript denoting the number of cur-

rent iterations
𝑘𝑚𝑎𝑥 Maximum number of iterations
𝑛 Days
𝑟1 and 𝑟2 Random values
𝑣𝑘𝑖 Velocity
𝑤 Inertia weight
𝛽 Tilt angle
𝛾 Surface azimuth angle
Δ𝑀𝐿 Distance between consecutive locations
Δ𝑡 Time step
𝛿 Declination
𝜃 Incidence angle
𝜏𝐵 Atmosphere transmittance
𝜙 Latitude
𝜙1 and𝜙2 Latitude of consecutive locations
𝜔 Hour angle

1. INTRODUCTION

The logistics of the marine industry are mainly carried
out by shipboards due to the low cost, safety, and
flexibility [1, 2]. Although maritime transport provides
several benefits, it releases a large amount of greenhouse
gas, equating to around 3–5% of global greenhouse gas
emissions, while the fuel costs of ocean shipping are
unpredictable [3, 4]. To improve the environmental
impact, the international maritime organization (IMO)
set the objective that all ships built after 2025 should
reduce their carbon emission by 30% compared to 2005
[5]. Therefore, the aim of the all-electric ship (AES) is to
achieve the IMO goal and avoid the unpredictability of
rises in fuel costs.

The photovoltaic (PV) panels installed on the AES play
an important role in reducing carbon emissions and fuel
cost [6, 7]. Power management strategies are applied to
effectively utilize the power generated from PV panels
during the voyage. These are briefly reviewed as follows.

The rule-based method is applied with the power
management strategies [8–11], using the predetermined
state to control the power system. Although potentially
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easy to implement, the performance of power manage-
ment strategiesmay be degraded since the predetermined
states can vary over time [12].

This problem can be avoided by introducing meta-
heuristic optimization into the power management
strategies. In [13, 14], PSO is employed to minimize
fuel consumption. To improve the effectiveness of
power management strategies using fuzzy-based particle
swarm optimization (FPSO), and adaptive multi-context
cooperatively coevolving particle swarm optimization
(AM-CCPSO) are applied [15, 16]. In addition to FPSO
and AM-CCPSO, power strategies based on grey wolf
optimization (GWO) are presented in [12]. The GWO can
reduce operation costs in comparison to PSO [17]. The
fuzzy logic-grey wolf (FL-GWO) is used with the power
management strategy proposed in [18]. The FL-GWO
can improve the calculation performance of conventional
GWO.

Apart from the abovementioned strategies, the power
management strategy proposed in [19] is interesting. The
operation is divided into two stages. Both stages replace
the DG output with PV power generation to reduce fuel
consumption. Moreover, the speed of the AES is adjusted
according to the power generated from the PV panels. If
the PV generation increases, so does the speed of theAES.

However, the solar tracker of the AES has not been
studied in previous literature. The solar tracker increases
the amount of energy collected from the sun, enabling
the AES to fully exploit the PV panels.

The contribution of this paper is twofold. First, a
two-axis solar tracker of the AES is proposed tomaximize
the solar energy during the voyage by finding the best
tilt and surface azimuth angles. The best tilt angle for PV
panels is explored using PSO, while the surface azimuth
angle is obtained by considering the hemisphere. Since
maximum solar energy is collected from PV panels, the
voyage time, fuel consumption, and carbon emissions
can be reduced. Moreover, the proposed solar tracker
will help to improve efficiency of the power management
strategies because the PV power is increased. Second, the
impact of communication delay caused by the use of GPS
on the proposed solar tracker is investigated.

This paper is categorized into eight sections. The
electrical system installed in the AES is reviewed in
Section 2. Section 3 discusses the factors influencing the
PV generation in the AES. The two-axis solar tracker for
the AES is proposed in Section 4. Section 5 explains
the mathematical model of the AES voyage. Section 6
describes the effect of delay caused by GPS navigation.
The simulation results obtained from MATLAB/Simulink
are presented in Section 7. Finally, the conclusions are
stated in Section 8.

2. ELECTRICAL SYSTEM OF THE AES

The typical electrical power system of the AES is
shown in Fig. 1. The electrical sources include the diesel
generator (DG), PVs, and the battery delivering the power
to service and propulsion loads via bus A or bus B [20].

Fig. 1: Typical electrical system of the AES.

The service loads are radar, navigation, lighting, and air
conditioning. They can be classified into three types:
vital load, semi-vital load, and non-vital load.

The load switch disconnects the non-vital load from
the system during an emergency to prevent the occur-
rence of overload in the power source. The propulsion
load is the electrical system driving the ship. Moreover,
the redundant switch is applied to improve system
reliability. For example, if bus A fails, bus B feeds the
power to the service load and propulsion load via the
redundant switch.

3. PVS INSTALLED ON THE AES

In recent years, PVs have been widely applied as
shipboard power sources [21–23]. They can be installed
on the deck and rooftop. For example, if the dimensions
of an oil tanker are 332 × 60 × 30m3, PV modules over
2000m2 can be installed easily [24].

The electrical power system in the AES is comparable
to a mobile microgrid. A mobile microgrid is quite
different from the conventional microgrid because it
cannot receive additional power from external sources
such as utility [25, 26]. In the AES, if the PVs of themobile
microgrid cannot effectively harvest the energy from
the sun, the voyage time and fuel consumption/carbon
emissions will increase. Therefore, collecting energy
from PVs is considered a serious issue for the AES.

The power generated by PVs mainly depends on the
amount of beam radiation on the surface [27]. The
controlling factors of PV panels affect the amount of
beam radiation on the surface, including the tilt angle
and surface azimuth angle as expressed in Eqs. (1) and
(2), respectively [28, 29].

𝐺𝐵 = 𝜏𝐵𝐺𝑆𝐶 [1 + 0.033 cos 360𝑛365 ] cos 𝜃 (1)

cos 𝜃 = sin 𝛿 sin𝜙 cos 𝛽 − sin 𝛿 cos𝜙 sin 𝛽 cos 𝛾
+ cos 𝛿 cos𝜙 cos 𝛽 cos𝜔 + cos 𝛿 sin𝜙 cos 𝛾 cos𝜔
+ cos 𝛿 sin 𝛽 sin 𝛾 sin𝜔 (2)

Therefore, if the tilt angle and surface azimuth angle are
properly adjusted, the beam radiation on the PV surface
will be maximized. As can be observed from Fig. 2, the
surface azimuth angle is between the projection of the
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Fig. 2: Tilt angle and surface azimuth angle.

normal horizontal plane and localmeridian. The tilt angle
is between the PV panel and horizontal plane.

The declination and hour angle can be calculated as in
the following equations [28].

𝛿 = 23.45 sin (360264 + 𝑛
365 ) (3)

𝜔 = 15 × (solar time − 12) (4)

4. TWO-AXIS SOLAR TRACKER APPLIED USING
THE AES
When the beam radiation on the surface of the

PV panels is maximized, the maximum energy can be
collected from the sun. The AES can fully utilize the PV
panels. The two-axis solar tracker for theAES is therefore
proposed to complete this objective. The PSO calculates
the best tilt angle of the PV panels by considering time
and ship location. The hemisphere is used to determine
the surface azimuth angle.

As mentioned in [30, 31], the PSO is a simple method.
Moreover, it is a powerful method since the PSO
has a shorter calculation time and stable convergence
compared to other methods [14]. This paper, therefore,
chooses the PSO to search for the best tilt angle.

The PSOwas developed by James Kennedy and Russell
Eberhart in 1995. It is applied in many applications,
such as autonomous navigation and PV applications
[32, 33]. The PSO observes the movement of particles
in space. Each particle moves with different velocity.
The mathematical model of the PSO can be expressed by
Eqs. (5) and (6) [34].

𝑣𝑘+1𝑖 = 𝑤 ⋅ 𝑣𝑘𝑖 + 𝑐1 ⋅ 𝑟1 ⋅ (𝑃𝑘𝑝𝑏𝑒𝑠𝑡,𝑖 − 𝑃𝑘𝑖 ) + 𝑐2 ⋅ 𝑟2 ⋅ (𝑃𝑔𝑏𝑒𝑠𝑡 − 𝑃𝑘𝑖 )
(5)

𝑃𝑘+1𝑖 = 𝑃𝑘𝑖 + 𝑣𝑘+1𝑖 ; 𝑖 = 1, 2, 3, … , 𝑁 ; 𝑘 = 1, 2, 3, … , 𝑘𝑚𝑎𝑥
(6)

The algorithm flowchart of the PSO in the proposed
solar tracker is shown in Fig. 3. The mathematical model
expressed in Eqs. (5) and (6) is used to find the best tilt

Fig. 3: Flowchart of particle swarm optimization pro-
grammed in the proposed solar tracker.

angle for the PV panels, and the position of the particles
is represented by the tilt angle. The beam radiation in
Eq. (1) is applied as the cost function of the PSO, while
the declination and hour angle (time) of the cost function
are computed by Eqs. (3) and (4), respectively.

The latitude (ship location) of the cost function is sent
from the GPS navigation in the AES.The surface azimuth
angle of the cost function is obtained by considering the
hemisphere, as explained in the next paragraph. The
latitude, declination, hour angle, surface azimuth angle,
and days are set as the input. The position of particles
is then represented by the tilt angle which is randomly
initialized. In each iteration, the new velocity of each
particle is calculated from the best personal and global
positions, as shown in Eq. (5). The personal best position
relates to each individual particle, while the global best
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Fig. 4: Relationship between distance and speed.

position refers to the best position among all particles.
The new position of each particle is updated by velocity,
as shown in Eq. (6). The velocity moves the particles
into the best position. The cost functions resulting from
the new positions and personal best positions are then
compared. If the cost functions resulting from the new
positions are higher, these new positions are updated as
the personal best positions. The cost functions resulting
from the updated personal best positions and global best
position are subsequently compared. If the cost function
resulting from updated personal best position is greater,
this personal best position is updated as the global best
position. This loop occurs until the maximum number
of iterations is achieved. In the final iteration, the global
best position is set as the best tilt angle to achieve the
maximum PV power.

The surface azimuth angle of the proposed solar
tracker is obtained by considering the hemisphere [28].
It can be explained by Eqs. (7) and (8).

𝛾 = 0°; for northern hemisphere (7)

𝛾 = 180°; for southern hemisphere (8)

The hemisphere is defined by the latitude sent from the
GPS navigation. If the latitude is positive, the northern
hemisphere is indicated. The surface azimuth angle is
then set at zero. Otherwise, the negative latitude implies
the southern hemisphere. If the AES is located in the
southern hemisphere, the surface azimuth angle is set at
180 degrees.

Finally, the best tilt angle and surface azimuth angle
are sent to the controller of the motor control to adjust
two axes of PV panels, and the PV power is maximized.

5. VOYAGE MODELING OF THE AES
This section describes the mathematical model intro-

duced to simulate the cruise operation of the AES, includ-
ing distance, latitude, longitude, and fuel consumption.

5.1 Distance
The distance is modeled by the accumulation of the

product of ship speed and time step as shown in Fig. 4

Fig. 5: Latitude and longitude measurements.

[19, 35]. It can be expressed as

𝑆𝑡 = 𝑆𝑡−1 + 𝑉𝑡 ⋅ Δ𝑡 (9)

The ship speed is calculated according to the re-
lationship between the electrical power consumed by
the propulsion load and coefficients as in the following
equation [36, 37].

𝑉𝑡 = (
𝑃𝑝𝑟𝑜
𝑎1

)
1
𝑎2

(10)

5.2 Latitude and Longitude

Locations on earth are commonly represented by
latitude and longitude, the measurements of which are
shown in Fig. 5. The latitude is the angle measured
from the equator to the point of interest (positive for
north and negative for south). The longitude is the
angle measured from the prime meridian to the point
of interest (positive for east and negative for west). The
latitude and longitude of the AES are modeled using the
mid-latitude formula [38]. By rearranging the equation
for mid-latitude distance, the latitude can be expressed
as

𝜙2 = 𝜙1 + 360
40031.6 ⋅ Δ𝑀𝐿 ⋅ cos(𝐶𝑀𝐿) (11)

The equation for the mid-latitude course is rearranged to
find the longitude. It can be expressed as follows.

𝐿2 = 𝐿1 + [ tan (𝐶𝑀𝐿)
cos (𝜙𝑀 ) ⋅ (𝜙2 − 𝜙1)] (12)

𝜙𝑀 = 𝜙1 − 𝜙2
2 (13)

In this paper, the latitude and longitude obtained from
Eqs. (11) and (12) are assumed as the output of GPS
navigation.
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Fig. 6: Propagation of the GPS signal.

5.3 Fuel Consumption
The fuel consumption of DGs can be modeled accord-

ing to the output power [24, 39], and can be expressed as

𝐹𝐶 = 𝐵𝐷 ⋅ 𝑃𝐷𝑁 + 𝐴𝐷 ⋅ 𝑃𝐷 (14)

6. EFFECTS OF DELAY CAUSED BY USING GPS
Usually, the GPS is utilized to navigate vehicles,

including cars, ships, and aircraft; however, the prop-
agation delay between satellite and GPS receiver is
considered to be a major problem. As shown in Fig. 6,
the signal sent from the satellite to GPS receiver moves
through multiple layers of the atmosphere. The free
electrons and gases contained in the atmosphere cause
the signal sent from the satellite to move slowly [40].
This propagation delay can affect the performance of
some applications. For example, in [41], the position
sent from the GPS is used in route calculation to avoid
vehicle collision. If the position sent from the GPS
contains some delays, an error occurs in the calculated
route, causing an accident. Similarly, the proposed solar
tracker uses the data sent from the GPS in tilt angle and
surface azimuth angle calculations. Therefore, the effect
of a communication delay on the proposed solar tracker
needs to be investigated.

7. SIMULATION ASSESSMENT
The MATLAB/Simulink simulation is utilized to eval-

uate the performance of the proposed solar tracker.
To simplify the evaluation process, the AES load only
consists of 4MW of electric propulsion loads. The
rating of the DGs must be designed to ensure sufficient
propulsion loads [37]. The 4.5MW of the DGs and the
2MW of the PVs are installed on the AES.The simulation
assessment is divided into five cases, the parameters of
which are the same, as shown in Table 1.

The first case validates the effectiveness of the pro-
posed solar tracker using statistical calculation. The ship
is located at Port Miami (United States) on April 30. The

Table 1: Parameters in simulation.

Radiation 𝐺𝑆𝐶 1367W/m2

model 𝜏𝐵 0.8

PSO

𝑐1 2
𝑐2 2
𝑤 0.5
𝑟1 [0, 1]
𝑟2 [0, 1]
𝑁 100
𝑘𝑚𝑎𝑥 100

Propulsion 𝑎1 20
load model 𝑎2 3

Fuel 𝑃𝐷𝑁 4.5MW
consumption 𝐵𝐷 0.0845 L/h

model 𝐴𝐷 0.246 L/h

Fig. 7: Route map used in simulation.

second and third cases examine the voyage time and
fuel consumption/carbon emissions, respectively. The
route map is illustrated in Fig. 7. On April 30, the
AES starts its voyage from Port Miami to Cork Harbour
(Ireland) through route A. The distance between the two
locations is 6327 km. The fourth case is set to verify
the performance of the proposed solar tracker when
the AES voyages from the northern hemisphere to the
southern hemisphere through route B. The AES started
to move from Port Miami to the Port of Luanda (Angola)
on April 30. The distance between the two locations
is 10 767 km. In the fifth case, the performance of the
proposed solar tracker under the delay caused by the use
of GPS navigation is investigated. The delay from GPS
navigation is set at 2 s [42]. The voyage schedule is the
same as in the second and third cases.

In the first case, the relationship between the tilt
angle and iterations is shown in Fig. 8. The proposed
solar tracker calculates the best tilt angle as 0.157937
degrees within 20 iterations. This value is equal to the
best tilt angle obtained from the numerical method. The
mean and standard deviation are 0.157794 and 2.85×10−3
degrees, respectively. Therefore, the speed and accuracy
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Fig. 8: Relationship between tilt angle and iterations.

Fig. 9: PV power in the second case.

Fig. 10: Magnified PV power in the second case.

calculations for the proposed solar tracker are satisfied.
To clearly show the benefit of the proposed solar

tracker for the AES voyage time, the electric propulsion
loads receive power only from the PV panels. During
the voyage, the surface azimuth angle provided by the
proposed solar tracker is zero since Port Miami and Cork
Harbour are in the northern hemisphere. The power
generated by the PVs is shown in Fig. 9. The PV power
between 19.6 and 21.2 hours is magnified in Fig. 10. The
power generated based on the proposed solar tracker
is higher than that for the fixed tilt angles and fixed
surface azimuth angle at zero. As shown in Fig. 11,
the AES using the proposed solar tracker reaches Cork
Harbour in the fastest time. It is approximately 14 hours
faster when comparing zero degrees of the tilt angle.
Therefore, the proposed solar tracker can reduce the
voyage time. This would be significantly advantageous to
a power management strategy that adjusts the ship speed
according to the PV power [19].

In the third case, the PVs and DGs feed the power

Fig. 11: Voyage distance in the second case.

Fig. 12: Fuel consumption in the third case.

Fig. 13: Magnified fuel consumption in the third case.

into the electric propulsion loads. When the PV power
is insufficient, it is supported by the DGs. The fuel
consumption of the DGs during the voyage is shown in
Fig. 12 and magnified over 75 and 94 hours as shown
in Fig. 13. As can be observed from Fig. 13, the
proposed solar tracker consumes the least amount of
fuel. This is because the AES generates the maximum
PV power. In addition, the AES under the proposed
solar tracker provides the greatest reduction in carbon
emissions, as shown in Fig. 14. Hence, the proposed solar
tracker can improve fuel consumption and mitigate the
environmental problems caused by maritime transport.

In the fourth case, since the AES voyages from
the northern to the southern hemisphere, the surface
azimuth angle is adjusted to zero or 180 degrees by the
proposed solar tracker. As shown in Fig. 15, the proposed
solar tracker still gives the greatest PV power during the
voyages. Therefore, the proposed solar tracker can work
in both hemispheres.

In the fifth case, delay is introduced into the output
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Fig. 14: Magnified carbon emissions in the third case.

Fig. 15: PV power in the fourth case.

of GPS navigation. As shown in Fig. 16, the proposed
solar tracker with 2 s of GPS signal delay can provide
the PV power as in the case without GPS signal delay.
Consequently, the proposed solar tracker can operate
effectively, although the output of the GPS signal has
some delays.

These simulation results demonstrate the performance
of the proposed solar tracker. It can maximize the
power generated from the PV panels and increase the
PV power by around 7.5% when compared with the
fixed tilt angle at zero. Consequently, in the voyage
time, fuel consumption and carbon emissions are reduced
significantly. However, the swing motion affecting the
PV power is neglected in this paper and will be further
studied in future work. Moreover, the proposed solar
tracker can correctly operate, although the AES travels
between the northern and southern hemispheres. It is
therefore clear that the PV power can be maximized at
any time of day and at any location. In the event of some
delay in the output of GPS navigation, the proposed solar
tracker can still operate satisfactorily, since the power
generated by the PV panels is still maximized.

8. CONCLUSION

This paper proposes a two-axis solar tracker for the
AES to maximize PV power. The tilt angle is calculated
by PSO, taking the time and ship location into account.
The surface azimuth angle is adjusted depending on the
latitude of the AES. The effectiveness of the proposed
solar tracker is validated through simulation. The results
show that the proposed solar tracker offers the maximum
PV power during any voyage. Therefore, the voyage

Fig. 16: PV power in the fifth case.

time and fuel consumption/carbon emissions can be
significantly reduced. In the event of a communication
delay caused by GPS navigation, the proposed solar
tracker can operate without any problems.
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