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Abstract: As the capacity of all-electric ships (AES) increases dramatically, the sudden changes in the
system load may lead to serious problems, such as voltage fluctuations of the ship power grid, increased fuel
consumption and environmental emissions. This paper proposes Fuzzy based Hybrid Energy storage system for
improving the stability of AES. In this method the Fuzzy controller is used to control the battery DC/DC
controller output. The proposed method is tested on standard test system and results compared with three
control strategies (without ESS, with ESS, with HESS). Results demonstrated that the proposed controller
showing good performance during the pulse load periods. By supplying the pulse loads from the fuzzy based
HESS, the system maintained the voltage at the targeted level, keeping the motor at the required speed and
maintaining constant generation output power both with and without pulse loads.

Keywords: pulse load. Hybrid Energy Storage System (HESS), All Electric Ship (AES), Energy Storage System
(ESS).

I.LINTRODUCTION

As the capacity of all-electric ships (AES) increases dramatically, the sudden changes in the system load may
lead to serious problems, such as voltage fluctuations of the ship power grid, increased fuel consumption and
environmental emissions The maritime sector has a significant role in the transportation sector. About 80% of
goods are carried by ships [1]. All transportation sectors (road, air, sea, rail, etc.) are responsible for around 20%
of total primary energy consumption and 24% of total global emissions in the world [2,]. In addition, shipping is
responsible for about 4.5% of total energy use and for 3% of carbon dioxide (CO,), 11% of nitrogen oxide (NO,),
and 4% of sulfur oxide (SOy) emissions of global anthropogenic emissions in the transportation sectors [3-5]. As
the capacity of the AES is expected to reach hundreds of megawatts in the near future [6-7], a high-performance
power system with multiple power sources is required to meet such huge power demands. The AES has
different types of loads, including propulsion loads, ship service loads and pulse loads, such as electrical
weapons. Electrical weapons rely on stored energy to attack targets, which need a high amount of power in a
short period.

On the AES design, one of the most important features is the ramp-rate of the generators. The ramp-rate is the
increased or decreased rate of the output power per minute and usually in MW/minute. The ramp-rate of ships’
generators, such as gas-turbine generators are in the range of 35 to 50 MW/minute, whereas the pulse loads
required a 100 MW/second ramp-rate, which is significantly higher than the ramp-rate of the generators [26],
[27]. If the changes in the loads are faster than the ramp rate of the generators, unbalanced power between loads
and generators occurs, which leads to instability in the power sys-tem. Because the ramp-rate of the ship’s
generators is not high enough to maintain the power demanded by electrical weapons, the need for an integrated
power system (IPS) architecture is inevitable. The IPS is intended to provide the total amount of power required
by the AES by using common set of sources [28]. Missions that require high power support, such as a weaponry
system and improve the efficiency of propulsion, which are some of the advantages of the use of an IPS in ships
[29]. IEEE 1709 recommends the use of medium-voltage DC (MVDC) in shipboard power systems, which
improves the reliability, survivability and power quality of the system [30].

The hybrid SMES/Battery has been proposed for railway substations by using fuzzy control [31]. The use of
the SMES was proposed in a hybrid vehicle in which a cryogenic tank al-ready existed [32]. A SMES/Battery
hybrid energy storage sys-tem (HESS) was integrated into micro grids to mitigate the influence of the renewable
generations [33]. The implementation of a HESS for AESs has been proposed to supply both the peak and
pulsed loads. Several studies were performed to mitigate the effects of the pulse loads on shipboard power
system by us-ing HESS. A super capacitor and batteries were combined to supply pulse loads and support grid
stability with different control schemes [34], [35]. A flywheel energy storage system was added to the system to
maintain the health of the ship’s power systems by maintaining the propulsion motor speed and the generator
speed during pulse load periods [36].
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ILMODEL ANALYSIS

Fig.6 shows the simplified block diagram of test system (AES). For generating electrical output in AES two
generators are installed and these two generators are connected to DC bus with the help of AC/DC converters.
Weaponry system on AES is represented as pulse load. Modelling of test system can be done as on-board
generation, electric propulsion and hybrid energy storage system.

2.1 ON-BOARD POWER GENERATION

There are several constraints on power generated by generators, including power equilibration limits, limits of
the genera-tor’s active power, and the ramp-rate limits [40], [41]:
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where i=1,2,3....n, iji” and ijax are the upper and lower allowable active power outputs of generator j,

respectively. P, (n) and P, (n —l) are the output power of the generator in two different moments A , and is the

allowable ramp-rate of the generator. Because the pulse load requires a high amount of power in a short period,
and the ramp-rate of the generator cannot maintain it, the HESS is implemented in the system to supply this
load. In our model, two diesel generators, 7 MW, 6.6 kV and 50 Hz, are modeled to generate power for the
simplified AES.

2.2 ELECTRIC PROPULSION MOTOR

There are several constraints on power generated by generators, including power equilibration limits, limits of
the genera-tor’s active power, and the ramp-rate limits [40], [41]:
In this system, a synchronize motor is used as the electric propulsion motor. The propeller is connected
directly to the synchronize motor. The mechanical load power of the motor is represented in (4):

Pmec = ZmQ (4)
Where N represents the propeller rotational speed and Q is the torque of the propeller. The relationship
between the supply frequency and the motor speed can be expressed as:

120 x f,
n="—-—-=
P

where Nrepresents the propeller rotational speed, fr is the supply frequency and P is the number of motor
poles. The power capacity of the propulsion motor is 2800 hp (=2 MW).

®)

2.3 HYBRID ENERGY STORAGE SYSTEM

The stored energy of SMES is calculated as follows:

1 2
E =—LI 6
> (6)

smes
The design of the battery and SMES are based on the ship loads. There are three different types of load on the
AES; 7 MW static load (ship service load), 2 MW motor load and 5 MW pulse loads. During the normal
operation, the ship service load and the motor load are applied to the system with a total power demand of 9
MW. During the pulse load periods, the demand rises by 5 MW to a total of 14 MW. The battery capacity is
Calculated by (7) at 13.88 kWh to cover the requirements of the pulse loads demand and to maintain the
battery SOC constraints:

Pulseloads x Time(hours)
SOC — (UpperCont. + LowerCont.)

Battery ., = ()
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111 . ENERGY STORAGE CONTROLLERS
3.1 THE SMES DC/DC CONTROLLER

The SMES system is shown in fig.1 and consists of super capacitor, two combinations of diodes and
MOSFETSs. Charging, dis-charging and stand-by- mode are the three operating modes of SMES.
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Fig.1 The DC/DC H-bridge converter of SMES with three operation modes.
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Fig.2 and fig.3 shows the charging mode and Dis-charging modes of SMES DC/DC H bridge controller
respectively.
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Fig. 2 & 3. Block diagram of the H-bridge DC-DC converter controller (charge mode & discharge mode).

3.1.2 (V <Vref(min)) Discharge mode

bus
Discharging mode of SMES controller is shown in fig.3, in which error of voltage applied to PWM and SMES
current applied to another PWM and these two outputs are connected to a OR gate. The output of OR gate is
activated if any one of the input is high.
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Where | is the amount of the stored current in SMES, K, K, and K

are adjustable parameters that

smes smes

control the transition period between SMES and the battery based on ..
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In standby mode, the bus voltage is in the acceptable range between 0.97 and 1.03 p.u of the nominal voltage.
Hence, no out-put current from SMES is needed. To keep the current circulating between D2 and M2, d1 is off

and d2 is on.
3.2 THE BATTERY DC/DC CONTROLLER

The half bridge DC/DC bidirectional converter based on the PI controller is used to control the battery
charge and discharge. The converter consists of two IGBTs, Q1 and Q2, as shown in Fig. 4.
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Fig. 4. DC/DC bidirectional converter based on PI controller.
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Fig. 5 & 6. Block diagram of the battery DC/DC converter controller and test system

IV.FUZZY BASED HESS SYSTEM (PROPOSED METHOD)
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Fig.7 Block diagram representation of proposed method.
In this method, Fuzzy logic controller is applied to Battery DC/DC controller of HESS system to improve the

stability. The proposed method block diagram is shown in fig.7. proposed controller input and output
membership functions are shown in fig.8.
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mas 8

Fig.8 Fuzzy logic based controller input and output membership functions.

The error of ref and actual bus voltage is the first input to fuzzy controller and its differential is the second input.
Both the inputs are divided into 7 membership functions, therefore we can write 49 rules. The input membership
functions are named as negative big (NB), negative medium (NM), negative small (NS), zero (Z), positive small
(PS), positive medium (PM) and positive Big (PB). Similarly output membership functions are also named.
Rules and rule viewer is shown in fig.9.
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Fig.10 simulation diagram of test system with proposed controller.

The simulation results demonstrated that the Fuzzy based HESS on the dynamic droop control showed good
performance during pulsed load periods, maintaining the main bus voltage at the required range and keeping the
motor at the targeted speed. The system was subjected to pulse loads between t=4.0-7.0s and between t=10.0-
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13.0s. With the Proposed controller, the minimum total generators capacity is 9 MW. However, without the
HESS the minimum total generators capacity is 14 MW and with HESS is 10MW. The voltage of the main DC
bus was 6 kv DC according to the IEEE standard [7].
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Fig.11 The DC bus voltage without ESS, battery only system, with HESS and with proposed method..
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Fig. 12. The total power generation without ESS, with battery only, with HESS and with proposed method.

Fig.11 shows the DC bus voltage with three type’s controllers. From this without ESS the maximum voltage
is 13kv and minimum voltage is 2kv. With battery alone 11kv is maximum and 3kv is minimum voltage, with
HESS 9Kkv is maximum and 4kv is minimum voltages of DC bus. From fig.11 it is clear that the voltage of DC
bus is maintained at 6kv with small variations using fuzzy based HESS (proposed method). Therefore the
proposed method is maintaining the stable voltage almost at any time with disturbances.
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Fig.12 shows the generator active power with three type’s controllers. From this without ESS the
maximum active power is 13MW and minimum voltage is 11IMW under steady conditions. With battery alone
11IMW is maximum and 10MW is minimum active power, with HESS 10MW is maximum and 9.5MW is
minimum active powers of Generator. From fig.12 it is clear that the generator active power is maintained at
9MW with small variations using fuzzy based HESS (proposed method). Therefore the proposed method is
maintaining the constant generator active power at any time with disturbances.
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Fig. 13. SMES current with HESS and with proposed method.
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Fig. 14. Battery current with HESS and with proposed method.
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Fig. 15. Battery SOC with HESS and with proposed method.

Fig.13 and Fig.14 shows SMES and Battery currents with HESS and Fuzzy based HESS. Fig.15 shows the

Battery SOC with HESS and Fuzzy based HESS.

V . CONCLUSIONS

This paper proposes Fuzzy based Hybrid Energy storage system for improving the stability of AES. In this

method the Fuzzy controller is used to control the battery DC/DC controller output. The proposed method is
tested on standard test system and results compared with three control strategies (without ESS, with ESS, with
HESS), from the results it is concluded that the proposed method showed good performance during the pulse
load periods. By supplying the pulse loads from the fuzzy based HESS, the system maintained the voltage at the
targeted level, keeping the motor at the required speed and maintaining constant generation output power both
with and without pulse loads.
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