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ABSTRACT

The power management strategy in a medium voltage direct current (MVDC) based power system

of an all electric ship (AES) with Hybrid Energy Storage System (HESS) can greatly affect the

energy efficiency of the system. In order to maintain the bus voltage of a MVDC shipboard power

system within the allowable margin with the operation of different types of loads, the energy storage

has become indispensable part of the AES. With the aim of supporting the MVDC shipboard power

system, an energy storage management (ESM) system based on Fuzzy Logic (FL) has been proposed

and its performance with a Proportional-Integral (PI) control algorithms is compared. In order

to support the peak demand and pulsed load, a HESS incorporating high energy density storage

(battery), and high power density storage (supercapacitor) are proposed. Based on the analysis of

power flow, the load characteristics, the power management objectives, constraints and the ease

of implementation in MVDC power system, the battery and supercapacitor are considered as the

potential storage devices. For energy transfer among the energy storages and the MVDC system,

bi-directional DC-DC converters with dual active bridge (DAB) configuration are used. With

the changes of the bus voltage and load power demand, the ESM systems provide instantaneous

reference powers for charging or discharging of the battery and supercapacitor. The reference powers

for the battery and supercapacitor are sent to the respective controllers of the DAB converters.

Two power sharing strategies are designed to share power among multiple energy storages. The

MVDC shipboard power system with the generators, loads, battery and supercapacitor with DAB

converters are modeled in SimPowerSystems. Simulation results are used to make a comparison

of performances of the FL and PI controller based ESM systems. Finally, controller hardware-

in-the-loop (CHIL) based experimental results are added to demonstrate the effectiveness of the

controller.
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CHAPTER 1

INTRODUCTION

1.1 Electric Ship Technology

1.1.1 Background

In 1878, the USS Trenton was built containing two propulsion systems. The ship had another

new feature, an electric lighting system, which was the first U.S. Navy ship service power system.

The size of the electric power system of the ship is dependent on the electric load demand [1]. For

instance, in sailing ships, the propulsion system provides power only for propulsion and not for

the ship’s service loads. Prior to and during World War II, in turboelectric ships, propulsion and

ship service electric power were provided by separate prime movers. The first U.S. naval ship

powered by electric motors in 1912 had two electrical systems: one for propulsion and the other

for service loads [2]. When the ship service load and propulsion load are provided power from the

common generators, the power system is called an Integrated Power System (IPS), otherwise it

is called a segregated power system. The segregated systems utilize separate generators for the

ship service load and propulsion load. Figure 1.1 shows the comparison between a segregated

power system and an integrated power system. From Figure 1.1, four geared turbines are used

for propulsion system but three less powerful turbines are assigned for ship service loads [3]. The

problem with the segregated power system is that most of the produced power (around 80-100MW)

is available only for propulsion system. If higher power is required for the loads (example: pulsed

load and radar load) except for propulsion load, it cannot be extracted from the propulsion turbines

even if the propulsion system is not operating [4]. To solve the problem with segregated power

system, an IPS has been developed. Figure 1.1 shows that the IPS system uses fewer prime movers

than the segregated power system and supply power to both propulsion load and service load.

The IPS structure has been used on the DDG-1000 Zumwalt-class destroyer, the T-AKE-1 Lewis-

and-Clark-class cargo ship, the currently suspended CG(X) next generation cruiser, the LHA-6

Makin-Island-class amphibious assault ship, the Flight III Virginia-class attack submarine, and the

CVN-21 Gerald-Ford-class aircraft carrier [3,4]. The U.S. Navy invested significantly in developing
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(a) A segregated power system.

(b) An integrated power system.

Figure 1.1: Comparison between a segregated power system and an integrated power system.

IPS structure between 1992 and 2007 [3]. A radical change of mechanical propulsion to electric

propulsion produces a significant increase of electric power demand for the shipboard power system.

The electric power demand is increased even more with the incorporation of railguns and lasers

along with the regular ship service loads. Those pulsed loads demand high amplitude electric power

2



Figure 1.2: Comparison of Non-IPS and IPS power demand.

(tens of MW range) within a very short time [5]. Figure 1.2 shows the projected propulsion load

and ship service load for IPS and segregated structured based ship. It shows that ship service load

is increasing because of incorporation pulsed load such as railguns and lasers.

The modern ship design is migrating towards the IPS architecture with electric propulsion,

advanced radar, and weapons system. In this IPS structure based power system, both the propulsion

or ship service load receives power from the common source. The Office of Naval Research (ONR)

has initiated a new program called Next Generation Integrated Power System (NGIPS) to provide

direction for future IPS based electric ship development [3]. The NGIPS technology development

roadmap [3] is shown in Figure 1.3 which has three phases. The first phase is medium voltage

alternating current (MVAC) based configuration with voltage between 4kV to 13.8kV at 60Hz

frequency. This phase is already implemented in the DDG-1000 and the T-AKE-1 [4]. In order to

reduce the size and weight of the components the second phase will be based on high frequency

AC (HFAC) that uses same voltage range like MVAC (4kV to 13.8kV AC), but that can operate
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higher than 60Hz and lower than 400 Hz [3]. The final phase is based on MVDC with voltage range

between 5kV to 20kV.

Figure 1.3: Projected development path for the IPS based structure for the shipboard power system
[3].

1.1.2 Energy Storage Management System

Because of transformation of the mechanical propulsion system into an electrical propulsion

system, the electric power demand of AES increases significantly. Traditional ships deal with only

a few MWs of electrical power, but an AES with electrical propulsion system needs to deal with

nearly 100MW of electrical power generation and distribution [5]. Pulsed load or electromagnetic

aircraft launch system (EMALS), and electromagnetic rail gun (EMRG) are two major loads which

demand impulse power of very high amplitude. Incorporation of intermittent weaponry loads

(EMALS, and EMRG) lead to the degradation of power quality. Traditional generators are not
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capable of fulfilling the desired power demand of the pulsed load as they have limited ability to

follow sudden changes of the load. Since the generators have long time constants for control of

fuel valves and combustors, they cannot meet transient power demand. Considering the issues of

high electric power demand for various loads including propulsion load and pulsed load, the energy

storage system has become a vital part of the electric shipboard. The main objectives of using

energy storages are: (i) to maintain proper balance between sources and load power demand, (ii) to

keep the MVDC bus voltage with in the acceptable range, (iii) to supply power to the pulsed load,

(iv) to remove the negative effects of voltage degradation and (v) to store surplus energy. Now the

main issue is to design an intelligent ESM system to control the operation of the energy storages

(charging and discharging operations).

In [6], the potential uses of energy storages in AES are discussed elaborately. Except meeting

transient and peak power demand, energy storages can also be used to store extra energy and to

increase system efficiency. In conventional ship, prime movers are connected with the propulsion

system but in AES, prime movers are connected to the generators and production of electrical

energy can exceeds the demand. In that case, energy storages can store the extra electrical energy

and give it back to the system when it is required. Eventually it will increase system’s efficiency.

In [6], the potential applications of the battery, flywheel, superconducting magnetic energy storage

(SMES), and supercapacitor are discussed regarding the requirements of the AES.

Shipboard power system faces adverse situation with load fluctuations due to sudden operation

of large loads and the use of HESS is an effective solution to reduce the negative effects of these

operations on AES’s power system. The use of energy storages for the shipboard power system is

discussed in [7–11]. In order to calculate the interactions among the multiple energy sources with

the incorporation of HESS, a model based analysis is performed in [8]. For coordinated control, a

system-level energy management strategy is used in [8]. In [7], a model predictive control strategy

is used to coordinate the controls of the primary energy sources and propulsion motors with the

addition of HESS to get better performance. In order to reduce the power fluctuations of the

shipboard power system, the potential use of the battery energy storage is discussed in [11]. While

dealing with large amount of power fluctuations, battery can be overheated. To save the battery

from risk of overheating, a model predictive control based strategy is used to smooth battery power

in [11]. In order to solve the problem of energy management of hybrid ships with the presence of
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disturbances and uncertainties, a nonlinear robust turbo-based model predictive control strategy is

proposed in [10]. In this control strategy, a multi-level predictive control strategy is used to control

the ship speed and to estimate demanded reference power. A conventional model predictive control

strategy is used to track the demanded reference power and to split the demanded power among

multiple energy sources. To reduce the amount of fuel consumption in marine hybrid power plant,

energy storages are used as the potential devices in [9]. In this thesis, a battery and a supercapacitor

are used as the energy storages to supply the transient power demand.

The operation of pulsed load is very uncommon for a conventional power system. Conventional

generators are not capable of satisfying pulsed power demand [12]. During the operation of pulsed

load, the generator faces adverse situations and high transient power demand stresses prime-mover

and excitation system of the generator. To maintain the power quality of the shipboard power

system, the use of pulsed power compensator is a potential solution. In [13], flywheel energy

storage system (FESS) is used to compensate the operation of pulsed load. In [14], the impacts of

pulsed load on the shipboard power system are compared with and without energy storages. The

operation of FESS is shown in maintaining the ship board power system’s stability in [14]. In [15],

the operation of pulsed load compensator is shown in maintaining the power quality of the system.

In [16], supercapacitor based pulsed load compensator is used to support the operation of pulsed

load (EMALS, and EMRG).

Switching on or off of large loads instantly from the bus has adverse effects on the power system.

Adding pulsed load to the bus is a switching effect. Adding MWs of pulsed load momentarily to

the bus produces large voltage and current transients. It can lead a power system to damage

completely. In order to avoid the negative effects of pulsed load, in [17] FESS is added with the

generators (Figure 1.4). FESS can be also used to maintain the continuity of power supply if a

generator fails.

In [18], battery and supercapacitor are used as the backup energy storage devices for the ship-

board power system. Buck-boost DC-DC converters with bi-directional capability are used to

connect energy storages to the shipboard power system. A PI based control model is used to con-

trol the charging and discharging of the energy storages. Battery management system is designed

to keep the state of charge (SOC) within 40%-80%. Here, battery is charged only when the SOC

of the battery goes below 40%. From Figure 1.5, energy management subsystem is responsible
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Figure 1.4: Integration of FESS with the power distribution module.

to monitor motor power and total available power from the battery and generators [18]. From

the speed changes curve and look-up table, the required motor drive power (P ∗

drive) is calculated.

The required generator power (P ∗

Gen) is calculated from the required motor drive power, (P ∗

drive),

and the battery recharge power, (P ∗

char,bat) given in (1.1). Where P ∗

char,bat is negative for charging.

Required battery power (P ∗

dis,bat) for discharging is obtained from the subtraction of the required

generator power (P ∗

Gen) and measured generator power (PGen) according to (1.2).

P ∗

Gen = P ∗

drive − P ∗

char,bat (1.1)

P ∗

dis,bat = P ∗

Gen − PGen (1.2)

In [19], fuzzy logic control technique is used to control the operation of the energy storages

for naval pulsed power application. In [19], hybrid energy storage module (HESM) consisted of

a lithium-ion battery (LIB) and a supercapacitor, both being used to support the generators. A

simple buck-boost converter with bi-directional capability is used to control the operation of the

HESM. DC bus voltage and HESM’s current are used as the fuzzy input variables. DC bus voltage

is used as the input variable as it is critical to maintain within the limit, and HESMs current is
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Figure 1.5: Power management system for energy storages of electric ship power system.

used as it changes with the change of the bus voltage. The output fuzzy variable is the battery

current limit as it has superb control over the HESM.

In [20], three potential positions of incorporating energy storages are described. From Figure 1.6,

the first potential option is to add the energy storages with power conversion module (PCM)-2A.

In this location, the energy storages can provide the best survivability and quality of service (QOS)

to the vital loads. Energy storages are added very near to the location of the vital loads which

make them to act as reliable sources of power for the vital loads. The main drawback of this option

is that energy storages cannot support the generators and supply power to the propulsion motors.

They also do not help to maintain the bus voltage. Moreover, the emergency loads connected to

PCM-1A do not get any support from the energy storages. The second potential option is to add

energy storages within PCM-1A. In this position, energy storages can support all the zonal loads.

But they cannot provide QOS and survivability for the critical loads connected across PCM-2A like

as the option 1. In this option, energy storages cannot support the generators directly to maintain

bus voltage and to meet power demand of the propulsion loads. Another potential option is to add

energy storages with ports or starboards on the longitude bus with 5kV MVDC bus voltage. In this

option, energy storages can support generators to maintain bus voltage and supply power to the

propulsion loads. This option is economical as the number of required energy storages is reduced

compared to the other two options. The main disadvantage is that the QOS and survivability for
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the critical loads provided by the energy storages in this position is lower than the previous two

options.

Figure 1.6: Potential positions of energy storages in shipboard power system [20].

Pulsed load needs high amplitude power within a very short time. The IPS structure based

MVDC system faces difficulty to support pulsed load. In [16], to support pulsed load , superca-

pacitor based energy storage system is used. Figure 1.7 shows supercapacitor based pulsed power

system proposed in [16]. Here all the supercapacitor are connected together to support pulsed load.

Energy storage management systems for a local DC distribution system of More Electric Aircraft

are proposed in [21]. To ensure voltage stability, energy efficiency and storage availability, energy

management strategies based on PI control and FL control are proposed. To compare different

strategies, voltage performances and efficiency are observed. Supercapacitor is used as the energy

storage. Conventional buck-boost converter is used to connect the supercapacitor to the DC test

system.

9



Figure 1.7: Supercapacitor based pulsed power system.

Composite energy storages (battery and supercapacitor) are used for microgrid application

with photovoltaic (PV) generation in [22]. Because of intermittent nature of PV generation, energy

storage with high energy density (example: battery) is required. To prevent load fluctuations, high

power density energy storage (example: supercapacitor) is suitable for the microgrid. Modular

interleaved bidirectional DAB converters are used to connect the HESS with the microgrid.

1.2 Motivation and Objective

The extensive electrification of ship power leads to the concept of AES with power demand to

reach hundreds of MW in the near future [5]. To overcome the technical challenges related to the

generation, distribution and optimization of such large electrical power, it is required to redesign

the power system architecture of the AES. A promising solution is to design an IPS which is based

on a MVDC power system [23].

Warships have intermittent weaponry loads (EMALS, and EMRG) along with the propulsion

load, ship service load and radar load. Due to the transient nature of the weaponry load, it demands

impulsive power of very high amplitude. Traditional generators are not capable of supporting the

transient load demand as these have relatively long time constants for control of fuel valves &
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combustors, mechanical inertia etc. To meet the transient power demand of the MVDC power

system, the energy storage technology is an essential part of the MVDC ship board system [24–26].

The storages are capable of supporting sudden load demand and reduce the negative effects on

power quality. The energy storage system also helps to maintain the MVDC bus voltage within

desired margin which is usually 10% around the nominal voltage [27]. Conventional warships use

gas turbine as the prime mover for propulsion system. For AES, it will be coupled to the generator

to produce electrical energy. In some cases, the generated electrical energy can exceed the total

load demand of the MVDC system. The excess energy can then be stored in the energy storages

and returned to the system when needed.

There are two modes of operation of the ESM system. The normal operation of the ESM system

is to maintain the power balance between the load and generation. The transient mode of operation

of the ESM system is to prevent power fluctuations. It is difficult for a single type of energy storage

to perform efficiently both type of operations. For meeting the steady power demand of the MVDC

system, an energy storage with high energy density is required. For the purpose of supplying

transient power demand, an energy storage with high power density is required. If the battery is

used as the only energy storage, then it has to be oversized to take care of transient power demand.

If the supercapacitor is used as the only energy storage, then it is needed to increase the size of the

supercapacitor. The supercapacitor cannot support the load for a long time as the supercapacitor

energy density is low. The use of HESS is a promising solution to meet the transient and steady

power demand [22].

Now the main issue is to design an intelligent ESM system to control the operation of the

energy storages. The key function of this ESM system is to properly balance the power demand

of the sources and loads, to support the generators during transient operations and pulsed load

activation. In order to support the MVDC system, the ESM system needs to control the charging

and discharging of the energy storages.

Some power management strategies with hybrid energy storage systems (batteries and superca-

pacitors) are presented in ( [28–31]) for hybrid electric vehicles. In [28], the FL control technique is

used to control the operation of the battery and supercapacitor to support the fuel cell for electric

vehicular applications. The operation of energy storage management system for more electric air-

craft is discussed in [21]. The use of battery as energy storage with the photovoltaic (PV) and wind
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power generation are discussed in [32]. In [19], fuzzy logic based control is used for managing hybrid

energy storage module for naval pulsed power applications, but the state of charge of the HESS was

not considered in designing fuzzy logic controller. Fuzzy logic based control strategy is used in [33]

for energy management of a hybrid ship, but the operation of pulsed load is not considered. In [34]

and [35], supercapacitor’s voltage and SOC are used as fuzzy logic control variables but they did

not consider voltage and SOC of the battery. Bus power and voltage difference of the battery and

supercapacitor are used for determining output reference power in [36], but SOC of the battery

and supercapacitor are not considered. In [37], fuzzy logic strategy is used for selection of energy

storages for smart grid applications.

The main objective of this research is to design an ESM system for proper management of

charging and discharging of the energy storages based on SOC. The main function of the ESM

system is to generate total storage reference power signal for charging and discharging of the

energy storages. In order to generate the reference power signal, the ESM system needs to consider

the transient power demand and whether the total power demand of the load exceeds the total

generation capacity. The ESM system maintains power balance between the generation and demand

by controlling HESS. The ESM system also needs to ensure the efficient and optimal utilization of

the energy storage for making the MVDC system of AES cost-effective. One of the main objective of

this research is to use HESS composed of battery and supercapacitor, an strategy for separation of

total storage reference power between high energy density device (battery) and high power density

device (supercapacitor) is required to implement. Another objective of this research is to design

a deep discharging and overcharging protection controller to save the energy storages from the

damages due to overheating during deep discharging and overcharging. One of the aim of this

research is to incorporate multiple batteries and supercapacitors in the ship board system. In order

to add multiple batteries and supercapacitors to the AES, algorithms for power sharing among

multiple energy storages are required to design. The final goal of this research is to validate the

results of the offline simulation of the ESM system by CHIL based testing.

1.3 Phases of the Research

Figure 1.8 shows the the phases of the research according to which this research study progressed.

As different technologies are used for this research, different phases required its own literature
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reviews and studies. The goal of phase-1 is to find the suitable energy storages for the MVDC

system of AES. There are lots of energy storages with different energy densities, power densities,

sizes, weights, life times, efficiencies, costs. As the size of the ship is fixed and the energy storages

need to meet the steady and transient power demand, it is required to find the suitable energy

storages for the shipboard power system. In phase-2, the electrical models of the suitable energy

storages (battery and supercapacitor) are developed and tested with individual load. In this phase,

different kinds of bi-directional DC-DC converters are studied for power transfer among the MVDC

system and the energy storages. DAB converter with galvanic isolation is selected for its superior

characteristic. The average model of the DAB converter is developed and it is tested with loads,

DC source and energy storages. Phase-3 is the hardest part of this research. In this phase, a

time domain simulation model of the MVDC system is developed with different components as

described in the IEEE standard 1709. The MVDC system has two gas turbine based generators,

MMC converters, propulsion loads, ship service loads, pulsed load, radar load, energy storages,

DAB converters. The challenging part of this phase is to interface different components of the

MVDC system. In phase-4, FL based ESM system is designed to control the power transfer among

the energy storages and the MVDC system. The input variables of the fuzzy logic supervisor

are the difference between the total generated current and the total reference current, the MVDC

bus voltage and the SOC of the battery and supercapacitor. In phase-5, in order to perform a

comparative study, a PI based ESM system is designed for the control of the energy storages. The

FL and PI based EMS systems performances are compared for different conditions of SOC. In

phase-6, for installation of multiple energy storages distributed around the ship, two power sharing

strategies are designed and implemented. In phase-7, the FL and PI based ESM systems with the

MVDC shipboard system are modeled in real-time simulator Opal-RT. In phase-8, FL and PI based

ESM system are implemented in field-programmable gate array (FPGA) (Vertex 707) and CHIL

based validation are performed.

1.4 Thesis Outlines

The chapters of this thesis are arranged according to the phases of the research. In chapter-1,

motivation and objectives of this research were discussed. A brief introduction about the potential
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Figure 1.8: Block diagram of the different phases of this research.

use of using energy storages in shipboard power system is also given in chapter-1. The synopsis

of different phases of this research is given in the first chapter. In chapter-2, potential energy

storages for shipboard power system are introduced. In this chapter, the basic working principles

of the battery, supercapacitor, SMES, and FESS are summarized. Their pros and cons related to the

applications for shipboard power system are discussed concisely. The significances of using HESS are

analyzed at the end of this chapter. Chapter-3 contains the detail description about the modeling
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of the components of shipboard power system. The advantages of the MVDC based IPS structure

are explained at the beginning of this chapter. The working principles and corresponding diagrams

are given for the components (generators, MMC converters, propulsion systems, bi-directional DC-

DC converter, battery, supercapacitor, pulsed load, ship service loads, radar loads, cables) of the

shipboard power system. In chapter-4, the designs of the energy storage management systems (FL

and PI based) are explained elaborately. At the end of this chapter, two power sharing strategies

are given for the installation of the multiple energy storages units in the shipboard power system.

Chapter-5 contains the simulation results regarding the performances of the FL and PI based ESM

systems. In this chapter, the applications of the energy storages are shown for the management

of the transient and steady power demand. The operations of the pulsed load and the supportive

behavior of the energy storages are illustrated in this chapter. The simulation results of the FL and

PI based ESM systems with the different condition of SOC of the energy storages are given in this

chapter. Later the comparison of the performances of the FL and PI based ESM systems are shown.

The operations of the two power sharing strategies are shown in the chapter-5. Finally, CHIL based

experimental results are added at the end of the chapter-5 to validate the offline simulation of the

FL based ESM system. Chapter-6 contains conclusion and future work.

15



CHAPTER 2

POTENTIAL ENERGY STORAGES FOR

SHIPBOARD POWER SYSTEM

In order to minimize size, weight, and to increase system efficiency of the shipboard power system,

the selection of proper energy storages has become very important. Determining the type of energy

storages, load profile and the generation profile of the shipboard power system plays an important

rule. For ship power system, energy storages have two modes of operations: (1) normal mode and

(2) transient mode. During normal operation, energy storages are required to maintain the load

balance, and during transient mode they mitigate the effects of load variations. A single type of

energy storage cannot perform these tasks efficiently. For energy balance, energy storages with high

energy density are required. For mitigating the load variation, high power density energy storages

are required. High energy density energy storages such as battery can be used for normal operation

due to their high energy density characteristic, whereas high power density energy storages such as

supercapacitors, FESS, and SMES can be used for fast dynamic response due to their high power

density characteristic [38]. A Pugh chart is given in Figure 2.1 to show relative advantages and

disadvantages of the potential energy storage technologies relative to lead-acid battery. Lead-acid

battery is chosen for comparison as U.S. Navy are very familiar with this energy storage [39].

The size of energy storages can be optimized to support the generators for peak power demand.

Energy storages can be used to support critical loads for example emergency lights and signals,

internal communications, navigational radar, weapons and sensors [40]. Incorporation of energy

storages in the shipboard power system will increase system’s survivability, redundancy, and effi-

ciency [6]. Though there are lots of available energy storage technologies but due to some specific

requirements of the shipboard power system, the number of energy storages technologies capable

of meeting the desired demands of AES are relatively few. As the size of the AES is limited, the

sizes and weights of the energy storages are big issue. In order to feet the energy storages with

the shipboard power system, some major characteristics of the energy storages for example energy

storage capacity, specific energy, energy density, power density, life time, round-trip efficiency, ca-
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pacity degradation, complexity, cost, and safety issue are required to be considered. In the following

subsections a brief description about the potential energy storages for the shipboard power system

application is given.

Figure 2.1: Pugh Chart of Energy Storage Technologies [6].

2.1 Battery

A battery is an electrochemical device. It is the most familiar technology to store electrical

energy. It can store energy in the form of chemical energy and convert chemical energy directly into

electrical energy by means of oxidation-reduction reactions. For a battery, the chemical reactions

occur in a cell where two electrodes are set in to an electrolyte. The reactions involve the transfer of

electrons from one electrode to the other through an external electric circuit/load. Figure 2.2 shows

the simple architecture of a battery [41]. Battery modules are connected in series or in parallel to

get the required voltage and current. The advantages of the battery are high energy density, high

round trip efficiency, cycling capability. The life span of the battery is also reliable and initial cost

of installation is low. The concerns with the battery are deep discharging and overcharging and

heat due to deep discharging and overcharging that reduces the lifetime of the battery.

Compared to other batteries, lead-acid battery is the most familiar energy storage technology

for our daily life. It has been representing an established and matured technology for storing
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Figure 2.2: A simple battery with different conditions.

electrical energy in the form of chemical energy for many years. It can be used to store bulk energy

and for rapid charging and discharging. Research have been going on to improve energy density

and charging characteristics of lead-acid battery.

Lithium-ion battery is a new technology for storing electrical energy. Figure 2.3 shows the

diagram of lithium-ion battery. A Li-ion battery has a high energy-to-weight ratio and low self-

discharge loss [42,43]. In Li-ion battery, Graphite is used as negative electrode and lithiated metal

oxide (Lithium cobalt (III) oxide (LiCoO2), Lithium nickel dioxide powder (LiNiO2) or LiMnO2)

is used as positive electrode. The electrolyte is a lithium salt such as Lithium hexauoro phosphate

(LiPF6) or Lithium perchlorate (LiClO4). The negative and positive electrodes take part in a

chemical reaction in lithium-ion battery where the electrolyte provides a conductive medium for

lithium-ions. During charging, positive lithium ion moves from the negative electrode (usually

graphite) and enters the positive electrode (lithium oxide) and for discharging process, the reverse

chemical reaction occurs. The positive and negative electrode half-reaction are given in (2.1) and

(2.2).
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The positive electrode half-reaction is [44]:

LiCoO2
⇀↽ Li1−xCoO2 + xLi+ + xe− (2.1)

The negative electrode half-reaction is:

xLi+ + xe− + xC6
⇀↽ xLiC6 (2.2)

Figure 2.3: Schematic diagram of a Li-ion battery [45].

Lithium-ion battery shows several superior capabilities comparing to lead-acid battery in case

of power density, energy density, life time and round-trip efficiency. The comparison of lead acid

and lithium ion battery is shown in Table 2.1 in terms of different characteristics.
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Table 2.1: Characteristics of Lead Acid and Lithium-ion Batteries [46, 47]

Characteristics Lead acid Lithium ion

Energy Density (Wh/L) 54-95 250-360

Specific energy (Wh/kg) 30-40 110-175

Depth of discharge (DOD) 50% 80%

Temp range of Charge -40◦C - 27◦C -20◦C - 55◦C

Efficiency 75% 97%

Replacement timeframe (year) 1.5-2 5-7

2.2 Supercapacitor

Figure 2.4: Schematic diagrams of three types of capacitors [48].

Capacitor offers a direct storage of electricity. It can store and deliver electricity at a very fast

rate. It can process several thousands charging/discharging cycles without material degradation

compared to batteries. Its fast charging and discharging rate made it suitable for transient voltage

stability applications [49–51]. Both the electrostatic and electrolytic capacitor store energy through

two parallel plates separated by a dielectric material. For electrostatic capacitor, dielectric is used

for the separation of the plates, but for electrolytic capacitor, liquid electrolyte (aluminum oxide)
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is used. For electrochemical double-layer capacitor (supercapacitor) electrolyte solution (propylene

carbonate) is used between two plates, instead of dielectric [42, 43]. Their structural schematics

are shown in Figure 2.4. Though the energy and power density of supercapacitor are higher than

the conventional capacitor, still energy density is lower than the battery [50, 51]. Supercapacitor

bridges the gap between conventional capacitors and rechargeable batteries.

2.3 Superconducting Magnetic Energy Storage (SMES)

Figure 2.5: A simple structure of SMES.

SMES uses superconducting coil to store electrical energy in the form of magnetic energy. It

stores magnetic energy by creating magnetic field with the flow of direct current (DC) through

the superconducting coil. SMES shows the same kinds of advantageous characteristics like su-

percapacitor (high power density, high energy storage efficiency, long application lifetime and few

environmental pollution). A typical SMES system includes three major parts [52] (shown in Figure

2.5): 1) superconducting coil 2) power conditioning system (PCS) 3) cryogenically cooled refrigera-

tor. During charging process, the PCS converts AC energy to DC energy and maintains a positive
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voltage across the superconducting coil for charging. The superconducting coil uses DC current to

create magnetic field and store electrical energy as magnetic energy. During discharging process,

the PCS acts as a load across the coil, produces a negative voltage across the superconducting coil,

and causes the superconducting coil to discharge. The Cryogenically cooled refrigerator is used to

maintain the temperature of the superconducting coil below the critical temperature [53].

Though it is advantageous like a supercapacitor, it is very costly and it has significant auxiliary

equipment. In order to maintain the superconducting characteristics of the magnetic coil, the coil

must be placed in liquid helium to get the temperature below -260◦C [54]. It is very costly to

maintain this kind of very low temperature. It is also required to install additional equipment for

cooling. It is yet not suitable for use in the shipboard power system as it lacks of robustness to

unpredictable environment.

2.4 Flywheel Energy Storage (FES)

Flywheel is an electromechanical energy storage device which stores energy in the rotation

of a cylindrical rotor. A FES device is composed of five major components: flywheel, bearings,

electrical rotating machine, power electronics converter, and a vacuum chamber [55]. Figure 2.6

shows the simple schematic diagram of a flywheel energy storage system [54]. The rotating machine

is connected to the flywheel. The rotating machine can work as a generator or motor depending

on the power demand. During charging process, electrical energy is used to accelerate the flywheel

and it stores energy in the form of kinetic energy. At this condition, a rotating machine works

as a motor. During discharging process, the flywheel decelerates and delivers electrical energy to

the connected load. At this condition, the rotating machine works as a generator. The energy

storing capability of flywheel energy storage system depends on the rotating speed of flywheel and

its inertia.

FES has significant advantages for using power system application as it has high cycle life and

power density. It can meet high power demand for only a short time. The main shortcomings of

using FES are low energy density, high self-discharge and additional auxiliary equipment. As it has

low energy density, it cannot be used as standalone backup power. It has to be used with other

high energy density storage device like a battery. Another significant drawback of using flywheel is

very high self-discharging (nearly 20% of stored capacity per hour) [41]. For high self-discharging,
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Figure 2.6: Schematic diagram of flywheel energy storage system.

it can store energy for a very short time and is not suitable for using longer storage time. Another

drawback of not using FES in the shipboard power system is that it has large auxiliary equipment.

The flywheel of FES is needed to put in high vacuum environment for reducing energy loss due to

air resistance. To increase the energy storage capacity of FES, high-strength composite materials

can be used to form the rotating mass with low inertia and high-velocity rotor. The cost of FES

system made of composite materials will be higher than the FES system made of conventional

materials. With the increase of speed, concerns related to safety will increase. The worst scenario

can be sudden disintegration of the rotor. For solving the problem with high speed, it is required

to increase the volume, mass and complexities [6]. For reducing self-discharging, superconducting

magnetic bearing and high vacuum chamber can be used. Eventually, it will increase the cost for

maintaining very low temperature of the superconducting magnetic bearing [54].

From the above discussion, it is clear that battery and supercapacitor are the potential energy
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Figure 2.7: The Ragone chart of different energy devices and their relative power and energy
densities [22].

storages for shipboard power system. As there are two modes of operation of energy storages:

one is load balancing and the another is preventing load fluctuations. For each mode, ship power

system requires different energy storages. A single battery or single supercapacitor is not capable of

performing both the operations, as the battery has a higher energy density than the supercapacitor,

and that characteristic is required for load balancing. But for preventing load fluctuations and

meeting pulsed load demand, an energy storage with high power density is required, however, the

battery has a lower power density than the supercapacitor. Figure 2.7 shows power and energy

density of different energy storage devices. So, the best solution for AES is incorporating HESS in

the shipboard composed of high energy density devices (battery) and high power density devices

(supercapacitor).
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CHAPTER 3

MVDC SYSTEM AND IT’S MODELING

3.1 Advantages of IPS Structure Based MVDC System

In the near future, warships will be incorporated with high electric power demanding weapons

and sensors. The EMALS and EMRG will be added to the future warships with high power sensors.

To keep pace with the supply of high electric power demand, it is required to change the shipboard

power system to an IPS architecture based on a MVDC power system [56]. In this IPS structure

frame, total ship loads (propulsion load, ship service load, pulsed load, radar load) will be served

electrical power in an integrated concept. For a traditional ship, it is required to have the separated

power generation facilities for a ship service distribution [3]. But for the new AES, all ship service

loads including propulsion loads will be powered from the same electrical sources [57]. Benefits

of IPS structure are fewer prime movers and improved fuel savings. It also increases flexibility in

locating prime movers and improves survivability [3]. In this new IPS architecture frame, there

will be very few amounts of mechanical parts and most of the components of the system will be

energized electrically. This extensive electrification of ship power leads to the concept of the AES.

The radical change from mechanical propulsion system to electric propulsion system will increase

electrical power demand of the shipboard [58]. The electric power demand of AES will reach

hundreds of MW in the near future.

Traditionally, all loads of a shipboard can be supplied by a single DC feeder. But in this single

DC feeder architecture frame, all ship loads are provided electrical power from a single cable line.

The current of the single DC feeder line is high at full load. So, a very large cable conductor with

high cross section are required to flow high current. Further, the single DC feeder architecture

frame is responsible for outages of the whole system for the failure of a single load. If for example,

a fault occurs at the cable line connecting the active rectifier with the nearest test bench, this line

will have to be switched off. This will create power outages at remote locations of the feeder. But

the new IPS ring structure has the facility to avoid the shut down the whole grid even if there is
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any fault between two terminals. Moreover, it helps to isolate the faulty part of the grid and keep

the continuity of operation of the rest of the grid [59].

The new MVDC system architecture is advantageous over the AC system as there is no need

to maintain a common frequency. For paralleling power sources, it is required only to match the

voltage, not frequency or phase. This MVDC architecture frame also helps power conversion equip-

ment to operate at high frequencies which eventually helps to reduce the size of the transformer.

There is no problem of skin effect loss like AC system and the full cross section of a DC system is

used for power transmission. There is also no concern about power factor matching [56].

3.2 Notional MVDC System of Shipboard

Figure 3.1: Notional MVDC power system [27].

The notional MVDC power system of AES with IPS structure is discussed in [27,60]. The IPS

structure of the MVDC system increases the operational capability of the electric shipboard under

adverse condition. Figure 3.1 shows the notional MVDC system. The MVDC system has two
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Main AC Turbine Generators (MTG1, MTG2) and two Auxiliary AC Turbine Generator (ATG1,

ATG2) as the source of power. The generators are connected to the MVDC system via modular

multilevel converter (MMC). The capability of high energy conversion makes it suitable for using

MVDC and HVDC systems [61]. MMC converter shows modularity and scalability in the case of

meeting voltage requirements compared to other voltage source converters [62]. The total load of the

MVDC system is divided into propulsion load, ship service load, radar load. It has also pulsed load

as electric weaponry system. In order to maintain the bus voltage within the limit and supporting

the generators when the total load requirement exceeds the total generation capacity, HESS are

added to MVDC system consisting of the battery and supercapacitor. The HESS are connected to

the MVDC system via DAB DC-DC converters with bi-directional capability of power conversion.

The whole system is modeled and simulated in Matlab/simulink environment. The modeling of the

MVDC system components are described in the following sections.

3.3 Generators

Figure 3.2: Main generator sets for baseline MVDC system [63].
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The main generators (MTG1, MTG2) of the ship power system are consisted of twin-shaft gas

turbine as governor or prime mover, round rotor synchronous machine, IEEE Type AC8B excitation

system. Figure 3.2 shows the generator architecture for MVDC power system of the shipboard.

The generators are connected to the MMC converters for AC-DC power conversion. The MMC

converters are connected to the main ring bus. The inputs of the prime mover are the reference

synchronous speed, ωr and the output shaft speed, ωshaft of the synchronous motor. The output of

the prime mover is shaft power, Pshaft. It is passed to the synchronous machine after scaling. The

excitation system also provides winding excitation voltage, Ef , to the synchronous machine. The

difference between reference power, Pr and the measured power, P , of the synchronous machine

is passed to a droop controller. The output of the droop controller and the reference DC voltage,

Vdc−r, are summed and then passed to the excitation system. The output voltage of the MMC

converter is measured and passed to the excitation system. The output of the excitation system is

field excitation voltage, Ef , which is passed to the synchronous motor. For auxiliary generators,

instead of twin-shaft gas turbine, single-shaft gas turbine is used.

3.3.1 Notional Twin Shaft Gas Turbine

Figure 3.3: Notional twin-shaft gas turbine model [63].
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Figure 3.4: Gas generator (engine) model for notional twin-shaft gas turbine model [63].

Figure 3.5: Engine shaft dynamics of gas generator (engine) model for notional twin-shaft gas
turbine model [63].

Figure 3.6: Acceleration control for notional twin-shaft gas turbine model [63].

The notional twin-shaft gas turbine model is shown in Figure 3.3. Figure 3.4 shows the gas

generator model and Figure 3.5 shows the engine shaft dynamics. Figure 3.6 shows the acceleration

control diagram. The regarding equations for twin-shaft gas turbine model are given from (3.1)

to (3.9) [63]. The parameters and default values for the notional twin shaft gas turbine model are

given in Table 3.1.
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Table 3.1: Parameters for Notional Twin-Shaft Gas Turbine Model [63]

Parameter Description Default Value

a Valve positioner constant 1

b Valve positioner constant 0.05

c Valve positioner constant 1

kflma No-load fuel parameter 0.2

kflmb No-load fuel parameter (1− kflma) 0.8

kEFR1 Engine speed request function slope 0.25

kEFR2 Engine speed request function intercept 0.75

kα−limit Acceleration limit (pu/s) 0.01

ki−α Acceleration control integral gain 100

Llower−Limit1 Lower limit for limit block ”Limit 1” (fuel limit) -0.1

Lupper−Limit1 Upper limit for limit block ”Limit 1” (fuel limit) 1.5

Tc Combustor delay time (s) 0.01

W Speed governor constant 25

WE Engine Speed governor constant 30

X Speed governor constant 0

XE Engine Speed governor constant 1

Y Speed governor constant 0.01

YE Engine Speed governor constant 1

Z Speed governor constant 1

ZE Engine Speed governor constant 0

τlg Time constant for engine shaft dynamics (s) 8

τFS Fuel system time constant (s) 0.4

τCP Compressor discharge volume time constant (s) 0.2

HSG(s) =

W (sX + 1)

Z

1 + s
Y

Z

(3.1)

HV P (s) =

a

c

1 +
b

c
s

(3.2)

HFS(s) =
1

1 + τFSs
(3.3)

HC(s) = e−sTc (3.4)

HCP (s) =
1

1 + τCP s
(3.5)
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f1(WF , ωshaft) =
1

kflmb

(WF − kflma) + 0.6(1− ωshaft) (3.6)

f2(WF , ωg) =
1

kflmb

(WF − kflma) + 3(1− ωg) (3.7)

f3(WF ) = kEFR1WF + kEFR2 (3.8)

HESG(s) =

WE(sXE + 1)

ZE

1 + s
YE

ZE

(3.9)

3.3.2 Notional Single Shaft Gas Turbine

The notional single shaft gas turbine model is shown in Figure 3.7. Figure 3.8 shows the

acceleration control diagram. The regarding equations for notional single shaft gas turbine model

are given from (3.10) to (3.15) [63]. The parameters and default values for the notional single shaft

gas turbine model are given in Table 3.2.

Table 3.2: Parameters for Notional Single-Shaft Gas Turbine Model [63]

Parameter Description Default Value

a Valve positioner constant 1

b Valve positioner constant 0.05

c Valve positioner constant 1

kflma No-load fuel parameter 0.2

kflmb No-load fuel parameter (1− kflma) 0.8

kα−limit Acceleration limit (pu/s) 0.01

ki−α Acceleration control integral gain 100

Llower−Limit1 Lower limit for limit block ”Limit 1” (fuel limit) -0.1

Lupper−Limit1 Upper limit for limit block ”Limit 1” (fuel limit) 1.5

Tc Combustor delay time (s) 0.01

W Speed governor constant 25

X Speed governor constant 0

Y Speed governor constant 0.05

Z Speed governor constant 1

τFS Fuel system time constant (s) 0.4

τCP Compressor discharge volume time constant (s) 0.2
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Figure 3.7: Notional single-shaft gas turbine model [63].

Figure 3.8: Acceleration control for notional single-shaft gas turbine model [63].

HSG(s) =

W (sX + 1)

Z

1 + s
Y

Z

(3.10)

HV P (s) =

a

c

1 +
b

c
s

(3.11)

HFS(s) =
1

1 + τFSs
(3.12)

HC(s) = e−sTc (3.13)

HCP (s) =
1

1 + τCP s
(3.14)

f1(WF , ωshaft) =
1

kflmb

(WF − kflma) + 0.5(1− ωshaft) (3.15)
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Figure 3.9: Simplified implementation of the IEEE type AC8B exciter model [63].

3.3.3 IEEE Type AC8B Exciter

The circuit diagram of the excitation system is shown in Figure 3.9 and transfer function

of excitation voltage, Ef , is given in (3.16). The inputs of the excitation system are, reference

voltage, Vr, and actual measured voltage, Vm. The output is field winding excitation voltage, Ef .

The parameters and default values of the model are described in Table 3.3.

fEF (Ef ) = kEF1e
kEF2Ef (3.16)

3.3.4 Electric Machines

For simulation purpose, synchronous machine model of the SimPowerSystems is used. Figure

3.10 shows the interface diagram of the synchronous machine. The inputs of the synchronous

machine are, shaft power, Pshaft, from the gas turbine module and the excitation voltage, Ef , from

the excitation system. The output of the mode is shaft rotational speed, ωshaft. Three nodes are

exposed from the synchronous machine model, A, B, C. They are connected to the MMC converter.

The parameters for the notional synchronous machine are given in Table 3.4.

33



Table 3.3: Parameters for Simplified IEEE Type AC8B Exciter [63]

Parameter Description Default Value

kA Voltage regulator gain 1

kDR PID controller derivative gain 0

kIR PID controller integral gain 0.08

kEF1 Saturation function coefficient 1.0119

kEF2 Saturation function coefficient 0.0875

kPR PID controller proportional gain 200

TA Voltage regulator time constant (s) 0.0001

Te Integration time constant (s) 1

TDR Filter time constant for PID controller derivative
branch (s)

0.001

VEMAX Field winding excitation voltage upper limit ∞
VEMIN Field winding excitation voltage lower limit 0

VRMAX Voltage regulator upper limit 5

VRMIN Voltage regulator lower limit 0

Figure 3.10: Interface for notional round rotor synchronous machine [63].

3.4 MMC Converter

With the aim of implementing a promising solution of DC fault current limiting in the MVDC

shipboard system, the MMC converter is the new technology in the case of AC-DC power conversion.

The MMC converter is consisted of submodules. The submodules are identical but individually

controllable. These submodules are responsible for the large number of discrete voltage levels, whose

characteristics make the converter to operate as a controllable voltage source converter [61]. This

helps the converter to reduce the total harmonic distortion. Figure 3.11 shows the basic structure

of MMC converter. The number of submodules depends on the voltage level. The submodules
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Table 3.4: Parameters for Synchronous Machine [63]

Parameter Description Default Value

Sr Rated apparent power (MVA) 47

Vr Rated voltage (line-line, RMS) (kV) 4.16

fr Rated frequency (Hz) 60

Rs Stator resistance (pu) 2.8544e-3

Xd d-axis synchronous reactance (pu) 1.305

Xd′ d-axis transient reactance (pu) 0.296

Xd′′ d-axis subtransient reactance (pu) 0.252

Xq q-axis synchronous reactance (pu) 0.474

Xq′′ q-axis subtransient reactance (pu) 0.243

Xl Leakage reactance (pu) 0.18

H Inertia constant 3.2

F Friction factor (pu) 0

p Pole pairs 2

Figure 3.11: MMC structure.

can be half-bridge or full-bridge in configuration. Figure 3.12 shows the full-bridge and half-bridge

configuration of submodule. The half-bridge submodules produce +V or zero voltage level and full-

bridge submodules produce ±V or zero voltage. There is also the clamp-double, three level flying

capacitor (FC), three level neutral-point-clamped (NPC), five level cross connected submodule

configuration for different purposes [62].
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(a) Half-bridge. (b) Full-bridge.

Figure 3.12: Half-bridge and full-bridge configuration of submodule.

From Figure 3.12a, the half-bridge configuration has two valves (S1 and S2) and a capacitor.

The valve consists of an IGBT and an antiparallel freewheeling diode. The charging and discharging

of the capacitor depends on the direction of the current flow. A valve is on when either the IGBT

or the diode is conducting. There are three possible switching states. In state 1, S1 is on and S2 is

off, the submodule output voltage is equal to capacitor voltage Vc. In state 2, the S1 is off and S2 is

on, the submodule output voltage is equal to zero and this state is called bypassed state. In state

3, neither S1 nor S2 is on. This state is called blocked state. In this state, the capacitor cannot

discharge but if the direction of current is positive it can be charged. The half-bridge configuration

cannot limit DC fault current.

From Figure 3.12b, the submodule is in full-bridge configuration. As it has a double number of

switching devices, the power losses and costs are higher than half-bridge configuration submodule.

But this full-bridge configuration of submodule limits DC fault current. The output terminal

voltage is positive when the valve S1 and S4 are on and is negative when valve S2 and S3 is on.

This negative output voltage is not usually used. It is used for DC fault current limiting. When

S1 and S3 or S2 and S4 are on, it represents the bypassed state. Due to avoiding short circuit

condition of capacitor, two IGBT in one pair will not be allowed to conduct at the same time.

3.4.1 MMC Converter Operation Principle

As the MMC converter has three-phase circuit configuration and each phase has identical con-

figuration, here circuit equations are derived for a single phase. The same equations are also

applicable for the other two phases. Figure 3.13 shows the circuit configuration for a single phase

MMC. From Figure 3.13, the voltage difference of the upper arm voltage and phase voltage is given
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Figure 3.13: Equivalent AC circuit of a single phase of MMC [64].

in (3.17) [64]. The phase voltage is given in (3.18).

vp − va = ubr up + Larm

dibr up

dt
(3.17)

va − vn = ubr dn + Larm

dibr dn

dt
(3.18)

If there is no load on the DC side, then the branch currents are half of the phase current given in

(3.19), and (3.20).

ibr up =
iac
2

(3.19)

ibr dn =
iac
2

(3.20)

If load is connected to the DC side, then the DC side load current, idc, will be summed of the each

phase current. Here, for each phase, DC current and AC current are coupled in the branch currents.

So the upper and lower branch currents for the single phase are given in (3.21), and (3.22).

ibr up =
iac
2

+
idc
3

(3.21)
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ibr dn =
iac
2

− idc
3

(3.22)

After adding (3.17) and (3.18),

vp − vn = ubr up + ubr dn + Larm

dibr up

dt
+ Larm

dibr dn

dt
(3.23)

After substitution of (3.21), and (3.22) into (3.23),

vdc = ubr up + ubr dn + Larm

dibr up

dt
+ 2Larm

didc

3
dt

(3.24)

Replacing (3.21) into (3.17) gives

ubr up = vi +
vdc

2
(3.25)

ubr dn = −vi +
vdc

2
(3.26)

3.4.2 MMC Average Value Model (AVM)

Figure 3.14: MMC AVM AC side representation [64].

3.4.2.1 AC side representation. The main working principle of AC side is power exchange

between the generator and the MMC converter. Actually, this part controls how much power will
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Figure 3.15: MMC AC side control architecture [64].

be transferred from the generator to the MMC converter. Figure 3.14 shows the diagram of the

AC side of the MMC converter and Figure 3.15 shows the AC side control diagram. Decoupled

inner current control (DICC) is used to generate the phase voltage. In this control, the reference

d-axis current, id ref , is compared with the measured current, id meas. The output of the DICC is

the phase reference d-axis voltage, vd ref , and q-axis voltages, vq ref . After dq/abc transformation,

the phase voltage, Vph ref is applied in (3.25) and (3.26) to get the branch voltage in each branch.

3.4.2.2 DC side representation. Figure 3.16 shows the diagram of the DC side represen-

tation of the MMC converter. Here the basic principle is to balance the average power between the

AC side and DC side of the MMC converter. The power of the AC side and DC side are not equal

due to losses for switching and circulating current. The power relation of DC and AC side is given

in (3.27). The equivalent inductance of each phase, Ldc eq, can be found from (3.28), where Lbr is

the branch inductance. Similar computation technique is used to calculate the DC side equivalent

resistance, Rdc eq, in (3.29). Figure (3.17) shows the control diagram of the DC side of MMC

converter. The outer DC voltage control and inner DC current control is used for controlling the

DC output voltage. The final output is Vd ref , which is sent to the controlled voltage source as the
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Figure 3.16: MMC DC side representation [64].

.

Figure 3.17: MMC DC side control [64]

.

output voltage of the MMC converter. The DC output voltage of the MMC converter is actually

the MVDC voltage of the shipboard power system.

Pac = Pdc + Ploss (3.27)

Ldc eq =
2Lbr

3
(3.28)

Rdc eq =
2Rbr

3
(3.29)
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Figure 3.18: Propulsion system module and hydrodynamics module for baseline MVDC system [63].

.

3.5 Propulsion Systems

The propulsion system model is shown in Figure 3.18. The propulsion system is consisted of

five major components. The notional permanent magnet synchronous machine is connected to

the motor drive inverter. It produces the shaft speed, ωshaft. It takes the counter torque, Tprop

as the input which is produced by the notional fixed-pitch propeller model. The propeller model

takes the shaft speed, ωshaft as the input. It produces the torque, Tprop and thrust, Fship1, as the

output. The propeller thrusts, Fship1 and Fship2 produced by the notional fixed propeller models

of the starboard and port propulsion systems are passed to the notional destroyer hydrodynamics

model. The notional destroyer hydrodynamics model eventually produces the final ship speed,

Vship, in knots. The motor drive controller uses hysteresis current control technique to control the

motor drive inverter. The inputs of motor drive controller are, reference propeller speed, ωr, actual

propeller speed, ωshaft, the rotor angle, θ, the input currents of the propulsion motor (Ia, Ib, Ic).

The gating pulses (g1 to g6) are passed to the motor drive inverter. For motor drive inverter, two

levels IGBT bridge is used. BR represents shunt breaking resistor to dissipate the power generated

from the drive during breaking the propellers. FC represents filter capacitor with charging resistor.

The propulsion system is connected to the MVDC system. The description of the propulsion system

components are given here.
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3.5.1 Notional Permanent Magnet Machine

Figure 3.19: Interface for notional permanent magnet machine [63].

.

Figure 3.19 shows the input and output interface of the notional permanent magnet machine

model. The permanent magnet machine model of Simulink, SimPowerSystems is used as the

notional permanent magnet motor. It takes the propeller counter torque, Tprop as the input. It

produces the propeller rotational speed, ωshaft, as the output. This model shows three electrical

nodes (A, B, C) which are connected to the motor drive inverter. The parameters for the notional

permanent magnet machine are given in Table 3.5.

Table 3.5: Parameters for Notional Permanent Magnet Machine [63]

Parameter Description Default Value

Rs Stator resistance (Ω) 0.005

Ld D-axis stator inductance (H) 0.8e-3

Lq Q-axis stator inductance (H) 0.8e-3

λ Flux linkage established by magnets (V · s) 16.58

J Moment of inertia (kg ·m2) 1.6e3

F Friction (N ·m · s) 0.0005

p Pole pairs 12

3.5.2 Motor Drive Inverter

Figure 3.20 shows the basic circuit configuration of the motor drive inverter. It has five electrical

nodes (A, B, C, p, n). For inverter model, universal bridge model of Simulink, SimPowerSystems
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is used. The bridge model has three bridge arms and uses IGBT/Diode as the power electronic

device.

Figure 3.20: Two-level IGBT bridge [63].

.

3.5.3 Motor Drive Controller

Hysteresis based current control technique of the motor drive inverter is shown in Figure 3.21.

The inputs of the motor drive controller are, reference rotational speed, ωr, measured shaft speed,

ωshaft, rotor angle, θ, measured three phase currents (Ia, Ib, Ic). The outputs of the controller are

gating pulse signals (g1 to g6) for the inverter. Here, fhys implements hysteresis based comparison

function for the measured currents (Ia, Ib, Ic), and the reference currents (Ia−r, Ib−r, Ic−r). For

example, the generation of the gating signals g1 and g2 is described here. If the gating signal,

g1, is on (value = 1), then the signal will be on unless measured current, Ia, becomes larger than

an upper threshold current, (Ia−r + ∆I). If measured current, Ia, reaches to the upper threshold

current (Ia−r + ∆I), then g1 will be turned off (value = 0). Then the gating signal (g1) will be

in the off-state (value = 0) until measured current, Ia, becomes smaller than the lower threshold
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Figure 3.21: Hysteresis current control for two-level drive for permanent magnet synchronous ma-
chine [63].

.

current (Ia−r −∆I). If measured current, Ia, reaches to the lower threshold current (Ia−r −∆I),

then the gating signal (g1) will be turned on. In the whole process, g2 is the complement of the

g1. By the same process, gating signals (g3 to g6) are generated by the currents (Ib, Ic, Ib−r, Ic−r).

The parameters for the motor drive controller are given in Table 3.6.

Table 3.6: Parameters for Motor Drive Controller [63]

Parameter Description Default Value

Id−r Requested d-axis current (A) 0

Iq−r−max PI controller upper limit (A) ∞
Iq−r−min PI controller lower limit (A) −∞
ki PI controller integral gain 10

kp PI controller proportional gain 7500

p The number of pole pairs of the machine 12

∆I Hysteresis comparator dead-band width parameter 0
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Figure 3.22: Interface for notional fixed-pitch propeller model [63].

.

Figure 3.23: Thrust coefficient curves for notional fixed-pitch propeller model [63].

3.5.4 Notional Fixed-Pitch Propeller

Figure 3.22 shows the simple interface diagram of the notional fixed-pitch propeller. It produces

the counter torque, Tprop, and thrust, Fship. It takes the output shaft speed of the permanent

magnet motor, ωshaft, and the ship speed, Vship, as the inputs. The mathematical model of the

propeller is described in [65] given in (3.30)- (3.34). Parameters for the model are given in the Table

3.7. Figure 3.23 and Figure 3.24 show the thrust coefficient curves and torque coefficient curves for

the propeller mode. But, information provided by [66], do not cover the entire range of the advance

ratio, ν. To cope up with this situation, information provided by [67] are used (dotted curves of
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Figure 3.24: Torque coefficient curves for notional fixed-pitch propeller model [63].

.

Figure 3.23 and Figure 3.24). A curve fitting technique is used to match the data provided by [66]

and [67], and eventually generate the solid curves (red and black) of Figure 3.23 and Figure 3.24.

Figure 3.25 shows the Taylor Wake Factor vs ship speed (knots). The moment of inertia for the

port propeller and starboard propeller are given in Table 3.8.

Tprop = CQ(ν)ρ(
D3

ηr
)(V 2

a + (nD)2) (3.30)

Fship = Cτ (ν)ρD
2(V 2

a + (nD)2)(1− t) (3.31)

n =
ωprop

2π
(3.32)

ν =
nD

√

V 2
a + (nD)2

(3.33)

Va = Vship(1− wT ) (3.34)

3.5.5 Ship Hydrodynamic Characteristics

Figure 3.26 shows the ship hydrodynamics model. The ship hydrodynamics model is from [66].

But, [66] provides information about hydrodynamic characteristics when ship speed is equal or above

46



Figure 3.25: Taylor Wake Fraction curve for notional fixed-pitch propeller model [56, 63].

.

Table 3.7: Parameters for Notional Fixed-Pitch Propeller Model [66, 67]

Parameter Description Default Value

ρ Density of salt water 1027 kgm−3

D Propeller diameter 7.01m

ηr Relative rotative efficiency 1.0

CQ(ν) Open water propeller torque coefficient Figure 3.24

Cτ (ν) Open water propeller thrust coefficient Figure 3.23

1− wT Taylor wake fraction Figure 3.25

1− t Thrust deduction factor 0.96, Vship ≥ 0; 0.97, Vship < 0

Table 3.8: Additional Parameters Associated with Notional Fixed-Pitch Propeller Model [66]

Parameter Description Default Value

J1 Moment of inertia of the starboard propeller 2.0573e5 kg ·m2

J2 Moment of inertia of the port propeller 2.2767e5 kg ·m2

10knots. Hydrodynamic characteristics for ship speed lower than 10knots are provided in [68]. The

hydrodynamics model takes the thrusts (Fship1, Fship2) from the port and starboard propellers as

inputs. It finally produces ship speed, Vship, in knots as the output. The hydrodynamics model takes
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Figure 3.26: Notional destroyer hydrodynamic characteristics [63].

.

Figure 3.27: Hydrodynamic resistance for notional destroyer model [63].

into account the mass of the ship, mship, and the ship hydrodynamics resistance, Fdrag, as a function

of the ship speed in knots. Parameters for the ship mass, mship, ship hydrodynamics resistance,

Fdrag, are given in the Table 3.9. Figure 3.27 shows the variation of the ship hydrodynamics

resistance with the variation of the ship speed in knots. Data for ship hydro dynamics resistance,

Fdrag, for ship speed at 10 knots or above are given in [66]. But for ship speed less than 10 knots

are given in [68].
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Table 3.9: Parameters for Notional Destroyer Hydrodynamic Characteristics Model [66, 68,69]

Parameter Description Default Value

mship Mass of the ship 14.29e6 kg

Fdrag(Vship) Hydrodynamic resistance Figure 3.27

3.6 Bi-directional DC-DC Converter

A DC-DC converter with the bi-directional capability is required to exchange energy between

energy storage devices and the MVDC system. For efficient power transfer, the bi-directional DC-

DC converter should be light weight, compact in size and highly reliable. Depending on the isolation

property, bi-directional DC-DC converters can be categorized into non-isolated bi-directional DC-

DC converter and isolated bi-directional DC-DC converter.

Basic DC-DC converter with unidirectional capability can be turned into non-isolated DC-DC

converter with bi-directional capability by replacing the diode with a controllable switch in the

circuit configuration [70]. Some of the lacking of non-isolated bi-directional converters is there is no

galvanic isolation between two sides, the structure of the converter becomes impractical with the

increase of voltage ratio, and operation of buck or boost mode is in one direction only. To overcome

the lacking of non-isolated bi-directional DC-DC converter, bi-directional DC-DC converter with

galvanic isolation is used. Figure 3.28 shows the dual active bridge bi-directional DC-DC converter

with high frequency transformer to maintain galvanic isolation between two sources. It is also

used to maintain voltage matching between two sides of the sources. Some of the advantages of

dual active bridge DC-DC converter are: for soft switching purpose there is no need for additional

active or passive elements for soft switching purposes, all the switches on both sides experience

equal current stresses, and the design and manufacture of this DC-DC converter becomes simpler

for the high frequency transformer.

3.6.1 Average Model of the DAB Converter

To show the steady state and transient behavior of the DAB converter, the average model

equations of the DAB converter are derived based on one switching period (Ts) [71]. For buck

mode operation of the DAB converter, the average model equations are,

49



Figure 3.28: Topology of the bi-directional DC-DC converter.

.

L
d < iL >

dt
=

1

N
< VHV > .d− < vLV > (3.35)

Current following through the capacitor C1 is

C1

d < vLV >

dt
=< iL > −< vLV >

R1

(3.36)

< iHV >=< ip > .d (3.37)

Where the symbol <> represents the average value over the switching period Ts and d, denotes the

duty cycle. R1 represents the equivalent load resistance at the low voltage side, ip is the transformer

primary current. For the boost mode operation of the DAB converter, the average model equations

are,

L
d < iL >

dt
=< vLV > − 1

N
< VHV > .(1− d) (3.38)

C2

d < vHV >

dt
=

1

N
< iL > .(1− d)− < vHV >

R2

(3.39)

To get the steady state model of the DAB converter, DC terms are taken after Taylor series

expansion of (3.35) to (3.39). It leads to (3.40) - (3.42) for the buck mode operation of the DAB

converter

VLV =
D

N
VHV (3.40)
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IL =
1

R1

VLV (3.41)

Ip =
1

N
IL (3.42)

Where D represents the duty cycle. Similarly, for the boost mode

VHV =
N

D′
VLV (3.43)

IL =
N

R2D′
VHV (3.44)

Where D′ = 1−D

3.6.2 DAB Converter Controller

The controller of the interleaved DAB converter for the battery is shown in Figure 3.29 [72]. For

the supercapacitor, the same control technique is used for controlling the DAB converter. In the

control technique of the DAB converter, the battery reference power (PBat−ref ) is divided by the

measured bus voltage (VBus) and it provides the reference current (I∗Bat) for the batteries. Then

the battery reference current (I∗Bat) is divided by the total number of batteries. The difference

between the individual battery reference current and measured current is passed to a PI controller.

Here G1(s) represents the transfer function of the PI controller for a single battery system. For

simulation purpose, the average model of DAB converter is used.

Figure 3.29: Controller of DC-DC converter for battery.

.
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3.7 Battery

Battery can be modeled in different ways depending on the system requirement and accuracy.

Battery modeling study is done from a very simple battery model to a complex battery model.

3.7.1 Simple Battery Model

Figure 3.30 shows the simple battery model [73]. In this model, E0 represents the electromotive

force of the battery andRs represents the constant equivalent resistor as an internal series resistance,

V0 represents terminal voltage [74].

Figure 3.30: Equivalent circuit of simple battery model.

3.7.2 Modified Battery Model

In this model with the simple battery model, the internal resistance is changed to vary with

the state of charge [75]. Figure 3.31 shows the equivalent circuit of the modified simple battery

model [73]. Here the resistance, Rs, varies with the battery state of charge. The internal resistance

is given in (3.45). Here, R0, is the fixed internal resistance, k is the capacity coefficient, and S is

the state of charge which varies from 0 to 1.

Rs =
R0

N
Sk (3.45)

Advanced Battery Model: Keeping similarity with the modified simple battery model,

advanced battery model is presented in [76]. Figure 3.32 shows the equivalent circuit of the advanced
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Figure 3.31: Equivalent circuit of modified battery model.

.

battery model [73]. In this model, the internal series resistance varies with the depth of discharge.

The variation is either linear or nonlinear. The output terminal voltage, V0, is given in (3.46).

Where, E0 is the open circuit voltage, Ibatt is the battery current and Ri is the internal resistance

which varies with the depth of discharge (Q). Where Q is given in (3.47).

V0 = E0 − Ibatt ×Ri (3.46)

Q =
q

qmax

q = Ibatt × t
(3.47)

Thevenin Battery Model: Thevenin model is the one of the most commonly used battery

Figure 3.32: Equivalent circuit of advanced battery.

.

models. Figure 3.33 shows the equivalent circuit of the Thevenin battery model [73]. In this model,
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E0, is no load battery voltage, Ri, is internal resistance, R0 represents the battery overvoltage

resistance due to the contact resistance of plate to electrolyte and C0, is capacitance between

electrolyte and electrodes [77]. For Thevenin battery model, the battery terminal voltage, V0, is

given in (3.48), voltage drop, Vdrop, across R0 and C0 is given in (3.49).

V0 = E0 − (Ibatt ×Ri + Vdrop) (3.48)

Vdrop = (
1

R0

+
1

C0

)× Ibatt (3.49)

Figure 3.33: Equivalent circuit of Thevenin model.

.

MathWorks Battery Model: Figure 3.34 shows the equivalent circuit diagram of MathWorks

battery model [78]. MathWorks battery model implements a generic battery model [78]. This

model is applicable for most popular types of rechargeable battery models like the Lead-Acid

battery model, Lithium-ion battery model, Nickle-Cadmium battery model, and Nickle-Metal-

Hydride battery model. This battery model is similar to the Shepherd battery model [79] but the

exception with the Shepherd model is that it can represent voltage dynamics with the change of

current. It takes into account the open circuit voltage as a function of SOC [80]. The battery

voltages for Lithium-ion battery model during charging and discharging are given in (3.50) and

(3.51). Here, E0, represents constant battery voltage, K, polarization resistance or polarization

constant, Q, battery capacity, it, actual battery charge, A, exponential zone voltage amplitude,
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B, exponential zone time constant inverse, Ri, internal resistance, i, battery current, i∗, filtered

battery current [80].

Ebatt−discharge = E0 −Ri.i−K
Q

Q− it
.(it+ i∗) +Ae−B.it (3.50)

Ebatt−charge = E0 −Ri.i−K
Q

it− 0.1.Q
.i∗ −K

Q

Q− it
.it+Ae−B.it (3.51)

Figure 3.34: Equivalent circuit of the MathWorks battery model.

.
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3.8 Supercapacitor

Figure 3.35 shows the typical construction of a supercapacitor. It has two electrodes which is

separated by a permeable membrane. The electrolyte of supercapacitor connects both electrodes

electrically. The separator prevents physical contact of the electrodes but allows ion transfer be-

tween them. From Figure 3.35, the components of supercapacitor are

1. Power source

2. Collector

3. Polarized electrode

4. Helmholtz double layer

5. Electrolyte having positive and negative ions

6. Separator

Figure 3.35: Construction of supercapacitor [81].

.

3.8.1 Supercapacitor Equivalent Circuit

Figure 3.36 shows the effective classical RC model of supercapacitor [82]. From Figure 3.36, Rs

represents equivalent series resistance which is very small, Rp, is equivalent parallel resistance which

is very high, C, is an ideal capacitor. Equivalent series resistance, Rs, represents heat losses and
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Figure 3.36: RC equivalent model of supercapacitor.

.

Figure 3.37: RC equivalent model of supercapacitor after neglecting self-discharge.

.

charge-discharge voltage transient mutation in the process of charging and discharging. Equivalent

parallel resistance, Rp, represents self-discharge leakage loss. If self-discharge is neglected and DC

operation of supercapacitor is considered, then rp can be eliminated and the circuit becomes simpler

which is shown in Figure 3.37 [83].

3.8.2 MathWorks Supercapacitor Model

MathWorks implemented a generic model of supercapacitor to represent most popular types of

supercapacitors. Figure 3.38 shows the equivalent circuit of supercapacitor designed by MathWorks

[84]. The supercapacitor output voltage is expressed in (3.52). Where the no load voltage, VT , is

given in (3.53).

V0 = VT −Ri.isc (3.52)
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VT =
NSQTd

NpNeεε0Ai
+

2NwNsRT

F
sinh−1(

QT

NpN2
eAi

√
8RTεε0c

) (3.53)

The meaning of the symbols are given here

Figure 3.38: The equivalent circuit of the supercapacitor model of MathWorks.

.

• Ai, Interfacial area between electrodes and electrolyte (m2)

• c, Molar concentration (mol/m3)

• F , Faraday constant

• iSC , Supercapacitor current (A)

• VSC , Supercapacitor voltage (V )

• CT , Total capacitance (F )

• RSC , Total resistance (ohms)

• Ne, Number of layers of electrodes
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• NA, Avogadro constant

• Np, Number of parallel supercapacitors

• Ns, Number of series supercapacitors

• QT , Electric charge (C)

• R, Ideal gas constant

• d, Molecular radius

• T , Operating temperature (K)

• ε, Permittivity of material

• ε0, Permittivity of free space

3.9 Pulsed Load

Here pulsed load is represented as a constant power load. Figure 3.39 shows the model for the

pulsed load. The look-up table is used to generate the required pulse train. It generates a power

signal for a very short specified time. The power signal is divided by the measured voltage, and

the final output signal is passed to the constant current source as the reference current signal for

the pulsed load. The positive edge of the trigger signal is used to activate the pulsed load. With

the activation of pulsed load, minimum voltage is restricted to 4000V.

3.10 Cables

Shipboard power system is much smaller compared to a grid power system. For this reason,

the cables for different zones and connectors are small with low inductance and shunt capacitance.

But the existence for the small inductance and shunt capacitance in the cable present very small

time-constants. To show the effect of the small time constants, it is required to run the model in

small time-step sized. But as the intention is to show the steady state power analysis, the cables

are represented only by series resistances. The parameters for the cable models are summarized in

Table 3.10.
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Figure 3.39: Pulsed load model [63].

.

Table 3.10: Cable Parameters for MVDC System [63]

Switchboard 1 Switchboard 2 Resistance Inductance

Zone 1 Port Zone 2 Port 1.69e-4 Ω 0H

Zone 1 Port Zone 1 Starboard 2.35e-4 Ω 0H

Zone 1 Starboard Zone 2 Starboard 1.95e-4 Ω 0H

Zone 2 Port Zone 3 Port 1.84e-4 Ω 0H

Zone 2 Starboard Zone 3 Starboard 1.82e-4 Ω 0H

Zone 3 Port Zone 4 Port 2.14e-4 Ω 0H

Zone 3 Starboard Zone 4 Starboard 1.66e-4 Ω 0H

Zone 4 Port Zone 4 Starboard 2.99e-4 Ω 0H
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CHAPTER 4

DESIGN OF ENERGY STORAGE MANAGEMENT

SYSTEMS

In this section, the design of two energy storage system (ESM) systems will be discussed. One is

based on the FL controller and the another is based on PI controller.

To demonstrate the operations of the proposed ESM systems, the notional MVDC power system

of IEEE standard 1709 [27] is simplified. The modified MVDC system architecture is given in Figure

4.1, which has one Main AC Turbine Generator (MTG) and one Auxiliary AC Turbine Generator

(ATG) as the source of power. The modular multilevel converters (MMC) with AC-DC power

conversion topology are used to connect the generators with the MVDC system. The total load

of the MVDC system are divided into propulsion load, ship service load and radar load. It has

also pulsed load as electric weaponry system. To maintain the power demand and the MVDC bus

voltage, it integrates HESS. The HESS is connected to the MVDC system via DAB bi-directional

DC-DC converters. The whole system is modeled and simulated in Matlab/simulink environment.

4.1 Fuzzy Logic (FL) Controller Based ESM Strategy

Figure 4.2 shows the block diagram of the FL controller based ESM strategy. In this control

strategy, two level FL based control technique is used. The level I (FL1) is designed to provide

the total storage reference power (Pstor−ref ) for charging and discharging of HESS. A generation

limit checking controller is added to check whether the total demand including the charging and

discharging reference power crosses the total generation limit. The level II (FL2) is designed to

separate the (Pstor−ref ) between battery reference power (PBat−ref ) and supercapacitor reference

power (PSC−ref ) for charging or discharging. When Pstor−ref is less than zero, the storage system

will play a role of power supply to meet the increased power demand of the MVDC system. When

the load is suddenly unloaded, Pstor−ref becomes greater than zero, the storage system will absorb

the surplus energy from the MVDC system.
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Figure 4.1: MVDC system with FL controller based ESM system.

4.1.1 Total Storage Reference Power (Pstor−ref) Estimation

The aim of the FL controller is to determine the total storage reference power (Pstor−ref ) to

balance the demand and supply of power. The input variables of the fuzzy logic supervisor are

the difference (∆I) between the total generated current (Igen) and the total reference current

(Iref ), the MVDC bus voltage (VBus) and the SOC of the battery and supercapacitor (SOCBat,

SOCSC) [21, 85]. Here, total generated current (Igen) is the sum of output DC currents of the

two MMC converters, which are supplied by the two gas turbine based generators, and the total

reference current (Iref ) is calculated based on the power demand from individual load. The load

power demand is divided by the ideal MVDC voltage (5kV) to get the individual reference current.

Then the sum of individual reference currents provides the total reference current (Iref ). The total

storage reference power (Pstor−ref ) for the battery and supercapacitor is estimated from these input

variables. A fuzzy logic control strategy has three parts: fuzzification, inference, and defuzzification.
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(a) Level I control.

(b) Level II control.

Figure 4.2: FL based two level ESM strategy.

4.1.1.1 Fuzzyfication. The membership functions of four input variables (∆I, VBus, SOCBat,

SOCSC) of the FL controller are shown in Figure 4.3. The ∆I and VBus decide the demanded

reference power and the SOC of the battery (SOCBat) and supercapacitor (SOCSC) adjust the

demanded reference power for the HESS. Three membership functions (Negative, Zero, Positive)

are chosen for the input variable, ∆I. The associated limits for ∆I are -1600A as lower limit and

1600A as upper limit. The limits are chosen based on the power, energy rating of the battery,

supercapacitor, and the maximum power mismatch of generation and load demand of the MVDC

system. For Negative and Positive membership functions, trapezoidal shape and for Zero member-

ship function, triangular shape are chosen. Negative and Positive membership functions represent

the discharging and charging conditions, respectively. Zero membership function represents the

balanced condition, i.e. the total load demand is equal or lower than the total generation capacity
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Figure 4.3: Membership functions of input and output variables for FL1 controller.

(40MW) and energy storages (battery and supercapaictor) are not required to operate (∆I = 0).

For another input variable, VBus, three membership functions (Low, Good, High) are chosen. The

associated limits for VBus are 4000V as lower limit and 6000V as upper limit, respectively. To

represent under voltage and over voltage situation, 4000V is chosen as the lower limit and 6000V

is chosen as upper limit. Low and High membership functions represent under voltage and over

voltage condition, respectively, and trapezoidal shape are chosen for them. For Good membership

function, triangular shape is chosen and represents balanced condition. For other input variables

(SOCBat, SOCSC), trapezoidal shaped three membership functions (Low, Moderate, High) are

chosen. The associated limits of SOC of the battery and supercapacitor are chosen as 0% to 100%

( 0% SOC means fully discharged and 100% means fully charged). Low and High membership

functions help the battery and supercapacitor to escape the deep discharging and overcharging

condition. Moderate membership function represents the normal operating range of the battery

and supercapacitor. For the output variable, Pstor−ref , three membership functions (Negative,

Zero, Positive) are chosen. Negative and Positive membership functions represent discharging and

charging reference power and trapezoidal shape are chosen for them. For Zero membership function,
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triangular shape is chosen and it represents the balanced condition.

4.1.1.2 Inference. As there are four input variables and each variable has 3 membership

functions, a total of 81 fuzzy rules are required and a 2-D table is not sufficient to explain all the

fuzzy rules. The fuzzy rules of the FL controller are shown in Table 4.1 with meanings of L = Low,

M = Moderate, H = High; Z = Zero, P = Positive, N = Negative, G = Good. The first fuzzy rule

is expressed as follows: IF VBus is L (Low), ∆I is N (Negative), SOCBat is L (Low) and SOCSC

is L (Low), THEN Pstor−ref is Z (Zero). It means the FL controller will provide no reference

power for discharging although the VBus is low and ∆I is negative as the SOC of the battery and

supercapacitor are low. It shows that the FL controller saves the HESS from deep discharging.

Another fuzzy rule can be expressed as follows: IF VBus is G (Good), ∆I is P (Positive), SOCBat

is H (High) and SOCSC is H (High), THEN Pstor−ref is Z (Zero). Here, the FL controller will

provide no reference power for charging although the VBus is good and ∆I is positive as the SOC

of the battery and supercapacitor are high. It shows that the FL controller saves the HESS from

overcharging/excessive charging. When the HESS are not required to be charged while the load

is rejected, the generators will reduce their power supply automatically by controlling their gas

turbine based governor systems and will supply only required load. But, if a situation happens

that there is extra available energy on the shipboard power system due to transients operation and

there is no need to charge the HESS (battery and supercapacitor), then the dissipation system will

consume the extra available energy until the generators reduce their output.

4.1.1.3 Defuzzyfication. The membership function of the output variable, Pstor−ref is

also shown in Figure 4.3. Figure 4.4 shows the surface plot for the FL controller which shows the

evolution of Pstor−ref versus ∆I and VBus when SOCBat and SOCSC are set to 75% and 82.65%,

respectively.

4.1.2 Reference Power Separation by FL2 Controller

The objective of the level II (FL2) controller is to allocate the total reference power (Pstor−ref )

between the battery and supercapacitor to control the DAB converter for the charging or dis-

charging of HESS. The diagram of FL2 controller is shown in Figure 4.2b. Inputs of FL2 con-

troller are absolute value of total storage reference power (|Pstor−ref |), rate of change of |Pstor−ref |
(∆|Pstor−ref |/∆t), and output is partition coefficient (K). FL2 controller is used to determine a
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Table 4.1: Fuzzy Rules: Pstor−ref

Pstor−ref

∆I
N Z P

When
VBus

L Z Z P
SOCBat=L AND SOCSC=L G Z Z P

H Z Z P

When
Pstor−ref

∆I
SOCBat =L AND SOCSC=M/H, N Z P

SOCBat=M/H AND SOCSC=L,
VBus

L N N P
SOCBat=M AND SOCSC=M G N Z P

H N Z P

Pstor−ref

∆I
When N Z P

SOCBat=H AND SOCSC=M,
VBus

L N N Z
SOCBat=M AND SOCSC=H G N Z P

H N Z P

Pstor−ref

∆I
N Z P

When
VBus

L N N Z
SOCBat=H AND SOCSC=H G N Z Z

H N Z Z

Figure 4.4: Generated surface of FL controller for Pstor−ref versus ∆I, VBus when SOCBat, SOCSC

are set to 75% and 82.65%, respectively.
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partition coefficient (K) which divides Pstor−ref into PBat−ref and PSC−ref as expressed in (4.1)

and (4.2). As the battery response is slower than the supercapacitor response in the case of meeting

sudden load demand, the FL2 controller is designed to allocate the sharp change in total storage

reference power (Pstor−ref ) to the supercapacitor as the PSC−ref and steady change of Pstor−ref to

the battery (PBat−ref ). The design procedure of FL2 is as follows.

PSC−ref = Pstor−ref ×K (4.1)

PBat−ref = Pstor−ref × (1−K) (4.2)

4.1.2.1 Fuzzyfication. The membership functions of the two input variables (|Pstor−ref |,
∆|Pstor−ref |/∆t) of FL2 controller are shown in Figure 4.5. The input variables are used to de-

termine the power sharing coefficient, K. Three membership functions (Small, Medium, and Big)

are chosen for the input variable, |Pstor−ref |. For Small and Big membership functions, trapezoidal

shape and for Medium membership function, triangular shape are chosen. For another input vari-

able, ∆|Pstor−ref |/∆t, three membership functions (Small, Medium, and Big) are chosen. For Small

and Big membership functions, trapezoidal shape and for Medium membership function, triangular

shape are chosen. For the output variable, K, three membership functions (Small, Medium, and

Big) are chosen. For Small and Big membership functions, trapezoidal shape and for Medium

membership function, triangular shape are chosen.

4.1.2.2 Inference. According to the objectives mentioned earlier, the fuzzy rules for FL2

are listed in Table 4.2. As there are 2 inputs, one output and each has 3 membership functions, so

a total of 9 rules are designed. The fuzzy rules are designed like that for example, IF |Pstor−ref | is
Small and ∆|Pstor−ref |/∆t is Small then partition coefficient (K) is Small.

Table 4.2: Fuzzy Rules: The Partition Coefficient, K

K
∆|Pstor−ref |/∆t

S M B

|Pstor−ref |
S S M B
M S B B
B S B B
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Figure 4.5: Membership functions of input and output variables for FL2 controller.

4.1.2.3 Defuzzyfication. The membership function of the output variable, K, is shown in

Figure 4.5. Figure 4.6 shows the surface plot for the FL2 controller which shows the evolution of

K versus |Pstor−ref | and ∆|Pstor−ref |/∆t.

Figure 4.6: Generated surface of FL2 controller for K versus |Pstor−ref | and ∆|Pstor−ref |/∆t.
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4.1.3 Reference Power Separation Using Low Pass Filter (LPF)

Power separation between the battery and supercapacitor by the FL2 controller provides very

sharp changing reference power for the battery. But the battery is a low power density device and

it is difficult for the battery to supply transient power demand. Considering those issues, instead

of using FL2 controller for power separation, low pass filter (LPF) is used. Figure 4.7 shows the

FL controller and LPF based ESM system. The objective of using a LPF is to divide the total

storage reference power (Pstor−ref ) into the steady state and transient power components. The

steady state power component is allocated as the reference power for the battery (PBat−ref ) and

transient power component is allocated as the reference power for the supercapacitor (PSC−ref ). In

this design, the output of the LPF is used as the storage reference power for the battery (PBat−ref )

and the difference between the total storage reference power (Pstor−ref ) and the battery reference

power (PBat−ref ) is allocated as the reference power for the supercapacitor (PSC−ref ). The transfer

function of the LPF is given in (4.3), where fcf , is the cutoff frequency of the LPF [86]. As the

goal of using low pass filter is to allocate steady power reference to the battery, a cutoff frequency

of 1Hz is chosen.

Gf =
2πfcf

s+ 2πfcf
(4.3)

Figure 4.7: FL controller and LPF based ESM system.
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4.2 PI Controller Based ESM Strategy

A PI based control strategy has also been designed for comparison purposes. In this control

strategy, PI controllers are used to find out the total storage reference power (Pstor−ref ) for the

battery and supercapacitor [87,88] and a similar LPF is used to separate the low frequency compo-

nent and high frequency component of the reference signal (Pstor−ref ). Figure 4.8 shows the block

diagram of the PI controller and LPF based ESM system for the MVDC power system of AES.

The design of the PI controller based ESM system has three steps.

Figure 4.8: PI controller and LPF based ESM system.

4.2.1 Total Storage Reference Power (Pstor−ref) Estimation

To generate the total storage reference power (Pstor−ref ), the total generated power (Pgen) is

measured, and then the difference between the total power demand (Pload) and the total generated

power (Pgen) is passed to a PI controller. The MVDC bus voltage (VBus) is measured and the

difference of the reference bus voltage (VDC−ref ) and the measured bus voltage (VBus) is passed

to another PI controller. In Figure 4.8, there are two PI controllers. One is for power mismatch

and the other is for voltage mismatch. The control technique discussed in [87] is followed. Here PI

controllers try to decrease the error of the total demanded load power (Pload), and total generation

power (Pgen) and the error of the reference bus voltage (VDC−ref ) and measured bus voltage (VBus).

Then the difference of the PI controllers outputs gives the reference current (Iref ) for the energy
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storages. The reference current (Iref ) is multiplied by the reference bus voltage (VDC−ref ) to

generate the total storage reference power (Pstor−ref ) for the battery and supercapacitor combined.

4.2.2 Overcharging and Deep Discharging Protection Controller

Since the PI controller based ESM system does not consider SOC while generating Pstor−ref , to

save the battery and supercapacitor from the damages due to deep discharging and overcharging,

an algorithm for protection from deep discharging and overcharging is shown in Figure 4.9 [31].

The algorithm is designed based on the SOC of the battery and supercapacitor. The SOC of the

battery and supercapacitor will be regulated between 30% and 90%. Following are the condition

that will be satisfied while charging or discharging.

• Charging the battery and supercapacitor if

– SOC is 30%-90% and Pgen >Pload

– SOC <30% and Pgen >Pload

• Discharging the battery and supercapacitor if

– SOC is 30%-90% and Pgen <Pload

– SOC >90% and Pgen <Pload

From Figure 4.8, the overcharging and deep discharging protection controller works as a buffer. If

the SOC of HESS are higher than the upper limit (90%) and lower than the lower limit (30%), the

overcharging and deep discharging protection controller blocks the output signal (Pstor−ref ) of the

PI controller based ESM system. For example, from Figure 4.9, if SOC of HESS are higher than

90% and Pgen > Pload, the output of the overcharging and deep discharging protection controller is

no action required. It means no charging and discharging. No charging output because the SOC

of HESS are higher than 90% and there is no need to charge the HESS. No discharging output

(although the SOC of HESS are higher than 90%) because Pgen > Pload. It means the total power

demand (Pload) is lower than the total generation (Pgen) limit, and generators are capable to supply

the load power demand and there is no need to supply power from HESS.

4.2.3 Reference Power Separation Using Low Pass Filter (LPF)

The design of the LPF is exactly the same as described in the subsection 4.1.
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Figure 4.9: The overcharging and deep discharging control algorithm of the battery and superca-
pacitor.

4.3 Power Sharing Among Multiple Energy Storages

In order to add multiple batteries or supercapacitors to the MVDC system, it is required to

redesign the ESM system for the multiple batteries or supercapacitors. For multiple batteries or

supercapacitors, the total battery reference power and the total supercapacitor reference power can

be equally distributed among the batteries and supercapacitors, respectively. But it may happen

that all the batteries will not be available at the same state of charge (SOC). This is also true

for the supercapacitor. So, if the same reference power is allocated for the multiple batteries or

the multiple supercapacitor, then the batteries or supercapacitors with lower SOC can go into

deep discharge. The deep discharging and overcharging protection controller of the PI controller
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based ESM system and the FL based ESM system help the batteries and supercapacitors from

the situation of deep discharging by putting a deep discharge limit. For the deep discharge limit,

the batteries and supercapacitors with higher SOC cannot be fully utilized if the same amount

of the reference power are allocated among them. Figure 4.10 (a) shows that same amount of

reference power are allocated between two batteries with different SOC. For the same amount of

reference power allocation, the battery with lower SOC will hit the deep discharge limit earlier then

the battery with higher SOC. In order to solve this problem, a promising solution is to allocate

the reference power among the multiple batteries and supercapacitors based on their SOC. If the

batteries and supercapacitor are allocated reference power based on their SOC, then the batteries

and supercapacitors will reach the deep discharge limit together [86]. There is no possibility that

the batteries and supercapacitors with high SOC will not be fully utilized. In this strategy, the

batteries and supercapacitors with higher SOC will supply higher amount of power comparing to the

batteries and supercapacitors with lower SOC. Figure 4.10 (b) shows that reference power allocated

between two batteries depending on their SOC and both the batteries reach the deep discharge

limit together. Same strategy is followed for the charging of the batteries and the supercapacitors.

The batteries and supercapacitors will also be allocated charging reference power based on their

SOC. The batteries and supercapacitors with low SOC will be allocated higher reference power

for charging than the batteries with high SOC. Here two strategies of power sharing between two

batteries will be discussed. Those strategies are also applicable for the supercapacitor.

Figure 4.10: Power sharing between two batteries (a) with equal power sharing, (b) power sharing
based on SOC [86].
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4.3.1 Fuzzy Logic Controller for Power Sharing

The FL based power sharing is used when there are multiple batteries and supercapacitors. Fig-

ure 4.11 shows the FL based power sharing strategy with the FL controller and LPF based ESM

system.The aim of this control strategy is to allocate the total battery reference power (PBat−ref )

and total supercapacitor reference power (PSC−ref ) into two batteries (PBat−1−ref and PBat−2−ref )

and two supercapacitors (PSC−1−ref and PSC−2−ref ), respectively. The FL controller allocates

reference power among multiple energy storages based on the SOC of the batteries and supercapac-

itors [30]. The design of the FL controller here is shown for two batteries. Same design strategy is

also applicable for two supercapacitors. The power sharing FL controller has three input variables:

1) total battery reference power (PBat−ref ), 2) SOC of the first battery (SOCBat−1), and 3) SOC

of the second battery (SOCBat−2). The output variable is the power sharing coefficient (D) which

divides total battery reference power (PBat−ref ) into two batteries (PBat−1−ref , PBat−2−ref ) given

in (4.4) and (4.5). The three parts: fuzzification, inference, and defuzzification for this controller

are explained below.

PBat−1−ref = D ∗ PBat−ref (4.4)

PBat−2−ref = (1−D) ∗ PBat−ref (4.5)

Figure 4.11: FL controller and LPF based ESM system with FL based power sharing.

4.3.1.1 Fuzzyfication. The membership functions of the input and output variables are

shown in Figure 4.12. The membership functions of the total battery reference power (PBat−ref )
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are listed as 1) Negative 2) Positive. Trapezoidal shape is chosen for them. They signify the total

battery reference power (PBat−ref ) for discharging and charging, respectively. The trapezoidal

shape membership functions of the SOC of the batteries (SOCBat−1, SOCBat−2) are listed as 1)

Very-Low 2) Low 3) Moderate 4) High 5) Very-High. The membership functions of the batteries

represent different operating conditions. The trapezoidal membership functions of the output

variable, power sharing coefficient (D), are listed as 1) d1, 2) d2, 3) d3, 4) d4, 5) d5. They

represent different power sharing ratios of the batteries at different conditions of SOC.

Figure 4.12: Membership functions of input and output variables for FL controller.

4.3.1.2 Inference. The fuzzy rules are expressed as follows. A total of 50 rules are required

to represent all combinations. The fuzzy rules of the FL controller are shown in Table 4.3 and Table

4.4 for different conditions of PBat−ref (charging and discharging). Table 4.3 shows fuzzy rules when

total battery reference power (PBat−ref ) is Negative, which means PBat−ref represents discharging

reference power. Table 4.4 shows fuzzy rules when total battery reference power (PBat−ref ) is

Positive, which means PBat−ref represents charging reference power. For example, IF PBat−ref is

Negative and SOCBat−1 is Very-High and SOCBat−2 is Very-Low then Power Sharing Coefficient
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(D) is d5. It means maximum discharging power of PBat−ref will be supplied by the first battery

and the rest power will be supplied by the another battery following (4.4) and (4.5).

Table 4.3: Fuzzy Rules: Power Sharing Coefficient (D), When PBat−ref Negative

D
SOCBat−2

Very-Low Low Moderate High Very-High

SOCBat−1

Very-Low d3 d2 d2 d1 d1
Low d4 d3 d2 d1 d1
Moderate d4 d4 d3 d2 d2
High d5 d4 d4 d3 d2
Very-High d5 d5 d5 d4 d3

Table 4.4: Fuzzy Rules: Power Sharing Coefficient (D), When PBat−ref Positive

D
SOCBat−2

Very-Low Low Moderate High Very-High

SOCBat−1

Very-Low d3 d4 d4 d5 d5
Low d2 d3 d4 d5 d5
Moderate d2 d2 d3 d4 d4
High d1 d1 d2 d3 d4
Very-High d1 d1 d1 d2 d3

Figure 4.13: Generated surface of FL controller for D versus SOCBat−1, SOCBat−2 when PBat−ref

is set to -4.5MW.
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4.3.1.3 Defuzzyfication. The membership function of the output variable, power sharing

coefficient (D) is also shown in Figure 4.12. Figure 4.13 shows the surface plot for the FL controller.

It shows the evolution of D versus SOCBat−1, and SOCBat−2 when PBat−ref is set to -4.5MW.

4.3.2 SOC Based Power Sharing strategy

In this control strategy, the algorithm of power sharing among multiple batteries will be dis-

cussed [32]. Figure 4.14 shows the SOC based power sharing strategy with the PI controller and

LPF based ESM system. Same strategy is also applicable for the supercapacitor. This controller

is required when the number of battery and supercapacitor is more than one. If the total bat-

tery reference power (PBat−ref ) is negative (discharging mode) then the initial reference power for

discharging of the ith battery is given in (4.6). Where L is the total number of batteries.

Figure 4.14: PI controller and LPF based ESM system with SOC based power sharing.

P ini
Bat−i−ref =

SOCBat−i
∑L

i=1
SOCBat−i

PBat−ref (4.6)

If the total battery reference power (PBat−ref ) is positive (charging mode), then the initial reference

power for charging of the ith battery is allocated based on the SOD (state of discharge) given in

(4.7).

P ini
Bat−i−ref =

SODBat−i
∑L

i=1
SODBat−i

PBat−ref (4.7)

SODBat−i = 100− SOCBat−i (4.8)

The battery initial reference power (P ini
Bat−i−ref ) is required to modify according to the SOC. The

modified new reference power (P ini−new
Bat−i−ref ) for the ith battery is given in (4.9). Where, Ai is power
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modification factor and γi is SOC modification factor. Here, fLT is a lookup table where the input

is SOCBat−i and output is Ai. Figure 4.15 shows the the value of Ai with the variation of the

SOCBat−i. The variable Ai is used to accelerate the discharging and charging of the battery near

the upper and lower limit of SOC, respectively. To ensure the expected status of the battery, the

SOCBat−i of the battery is modified as SOCref for three modes in (4.13). The modes are: 1)

normal mode: if the SOCBat−i is within the limit then SOCref is set to SOCBat−i, 2) lower limit

mode: if the SOCBat−i is less than SOCmin, then SOCref is set to SOCmin (here SOCmin is 30%),

3) upper limit mode: if the SOCBat−i is higher than SOCmax, then SOCref is set to SOCmax (here

SOCmax is 90%).

P ini−new
Bat−i−ref = P ini

Bat−i−ref +∆Pi (4.9)

∆Pi = Aiγi (4.10)

Ai = fLT (SOCBat−i) (4.11)

γi =
SOCref − SOCBat−i

SOCmax − SOCmin

2

(4.12)

SOCref =











30%, ifSOCBat−i ≤ 30%

90%, ifSOCBat−i ≥ 90%

SOCBat−i, otherwise

(4.13)

Figure 4.15: Modified power factor (Ai) vs SOCBat−i.
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CHAPTER 5

SIMULATION RESULTS

Parameters [27, 60] used for the simulation are listed in Table 5.1 and Table 5.2. For simulation

purpose, the average model of DAB and MMC converters are used. Figure 5.1 shows the 5kV

reduced MVDC system of IEEE 1709 standard for simulation purposes, which has one Main AC

Turbine Generator (MTG) and one Auxiliary AC Turbine Generator (ATG) as the source of power.

The total load of the MVDC system is divided into propulsion load, ship service load and radar

load and pulsed load.

Table 5.1: The Simple Notional MVDC System Parameters

Type Name Quantity P
(MW)

Ptot

(MW)

Source

MTG 1 36

48
ATG 1 4
Battery 1 4
SC 1 4

Load
Normal Loads
(Propulsion load,
service loads and
radar load)

40
44

Pulsed Load 1 4

Table 5.2: Battery and Supercapacitor Parameters

Battery Supercapacitor
Parameters Values Parameters Values
Rated capacity 800Ah Rated capacitance 500.25F
Nominal voltage 800V Rated voltage 550V
Fully charged voltage 931.18V Initial voltage 465V
Initial SOC 75% Initial SOC 82.65%
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Figure 5.1: 5kV MVDC system (40MW).

5.1 Simulation Results with FL Based Two Level Strategy

Parameters used for the simulation are kept same as listed in Table 5.1 and Table 5.2. To show

the performances of the of the FL based two level ESM system, when the SOC of HESS within the

upper (90%) and lower limit (30%), the SOC of the battery (75%) and supercapacitor (82.65%)

are kept same as listed in the Table 5.2.

At t=0.3s, 34MW load is connected to the system. The addition of the load decreases the bus

voltage momentarily and increases the total load current as shown in Figure 5.2 and Figure 5.3.

As the bus voltage goes down, the FL1 controller provides negative total storage reference power

(Pstor−ref ) (shown in Figure 5.4). The FL2 controller separates the Pstor−ref into two parts: the

battery reference power (PBat−ref ) and the supercapacitor reference power (PSC−ref ) (Figure 5.4).

The PBat−ref and PSC−ref are sent to the controllers of the DAB converters. Figure 5.5 shows the

actual power responses of the battery and supercapacitor for the two level FL controller based ESM

system. Figure 5.6, Figure 5.7, and Figure 5.8 show the voltage, current and SOC of the battery

and supercapacitor, respectively, for the FL based two level ESM system. So, the simulation results
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show that FL based two level ESM system is capable of supporting the MVDC system in a transient

situation.

At t=0.6s, another 6MW load is connected to the MVDC system. The total load of the system

is now 40MW. With the addition of the load, Figure 5.4 shows that the FL1 controller generates

negative Pstor−ref for discharging. The FL2 controller separates Pstor−ref into two parts: PBat−ref

and PSC−ref . Figure 5.5 shows the actual power responses of the battery and supercapacitor for

the two level FL controller based ESM system.

Figure 5.2: MVDC bus voltage.

Figure 5.3: Total load current.
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Figure 5.4: The reference power produced by FL based two level ESM system.

Figure 5.5: The actual power responses of the HESS.

Figure 5.6: Battery and supercapacitor voltage responses.

At t=1s, 4MW pulsed load is connected to the MVDC system and it continues until t=2s.

Now, the total load of the system is 44MW. But the total generation capacity of the MVDC
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Figure 5.7: Battery and supercapacitor current responses.

Figure 5.8: Battery and supercapacitor SOC.

system is 40MW. So, the addition of the pulsed load exceeds the total generation capacity of the

MVDC system. These effects are shown in Figure 5.2 and Figure 5.3, where it is shown that

the bus voltage goes down momentarily and the total load current increases. As the total power

requirement (44MW) is higher than the total generation capacity (40MW), FL1 controller generates

negative Pstor−ref for discharging. It is shown in Figure 5.4 that FL2 controller separates Pstor−ref

into two parts: PBat−ref and PSC−ref . Figure 5.5 shows the actual power response of the battery

and supercapacitor for the two level FL controller based ESM system for supporting the pulsed

load. Figure 5.6, Figure 5.7, and Figure 5.8 show the voltage, current and SOC of the battery and

supercapacitor, respectively, for the two level FL controller based ESM system for the discharging

period, t=1s to t=2s. These figures show that during t=1s to t=2s, the voltages of the battery and

supercapacitor go down, output currents increase and the SOC decrease for discharging power to
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the MVDC system.

From t=2s to t=2.5s, the total load remains at 40MW. At t=2.5s, a 4MW load is rejected

from the MVDC system. This causes the bus voltage to increase and a decrease in total current as

shown in Figure 5.2 and Figure 5.3. Figure 5.4 shows, the FL1 controller provides positive Pstor−ref

for charging, during t=2.5s to t=3.5s. The FL2 controller separates Pstor−ref into PBat−ref and

PSC−ref . Figure 5.5 shows the actual power consumed by the battery and supercapacitor from the

MVDC system for the two level FL controller based ESM system. In this case, from Figure 5.5,

powers are negative because the battery and supercapacitor work in the charging mode, during

t=2.5s to t=3.5s. Figure 5.6, Figure 5.7, and Figure 5.8 show the voltage, current and SOC of the

battery and supercapacitor, respectively, for the two level FL controller based ESM system. These

figures show that during t=2.5s to t=3.5s, voltages of the battery and supercapacitor go up, the

SOC increase and the currents go to negative because that time, the battery and supercapacitor

work in the charging mode.

5.2 Simulation Results with FL Controller and LPF Based
Strategy

From Figure 5.4, the FL2 controller separates the total storage reference power (Pstor−ref ) into

battery reference power (PBat−ref ) and supercapacitor reference power (PSC−ref ). At Figure 5.4,

reference power of battery (PBat−ref ) shows very sharp response and it goes from zero to nearly

-4.5MW momentarily. But, battery has low power density and it cannot respond to sharp power

changes. So, low pass filter (LPF) is used instead of FL2 controller for separation of total storage

reference power (Pstor−ref ) into battery reference power (PBat−ref ) and supercapacitor reference

power (PSC−ref ). Simulation results are shown based on the different conditions of SOC of the

battery and supercapacitor. For simulation purpose, same parameters of Table 5.1 and Table 5.2

are used.

Case 1: Performances of the FL Controller and LPF Based ESM System when the

SOC of HESS within the Limit: Parameters used for the simulation are kept same as listed

in Table 5.1 and Table 5.2. To show the performances of the FL controller and LPF based ESM

system, when the SOC of HESS within the upper (90%) and lower limit (30%), the SOC of the

battery (75%) and supercapacitor (82.65%) are kept same as listed in the Table 5.2.
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Figure 5.9: MVDC bus voltage (case 1).

Figure 5.10: Total load current (case 1).

Figure 5.11: The reference power produced by FL controller and LPF based ESM system (case 1).

In order to show the performances of the FL controller and LPF based ESM system, same

operations of FL based two level ESM system are done. At t=0.3s and t=0.6s, 34MW and 6MW
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load are connected to the MVDC system, respectively. Those are transient operations, simulation

results for the FL controller and LPF based ESM system are given in Figure 5.9 to Figure 5.15.

Again at t=1s, 4MW pulsed load is added to the MVDC system and it is continued until t=2s.

With the addition of pulsed load, the total load (44MW) goes higher than the total generation

capacity (40MW). Considering those operations, the FL controller and LPF based ESM system

provides negative total storage reference power (Pstor−ref ) for discharging (Figure 5.11). The LPF

splits, Pstor−ref between battery reference power (PBat−ref ) and supercapacitor reference power

(PSC−ref ). Comparing the generated reference power of the battery (PBat−ref ) and supercapacitor

(PSC−ref ) by the FL based two level ESM system and FL controller and LPF based ESM system

(Figure 5.4 and Figure 5.11), it shows that the generated battery reference power (PBat−ref ) for

discharging by the FL controller and LPF based ESM system increases slowly and does not show

sharp raising (Figure 5.11). But, for the FL controller based two level ESM system, the PBat−ref

shows sharp response (Figure 5.4). At t=2.5s, a 4MW load is rejected from the MVDC system.

Figure 5.12: The actual power response of the HESS (case 1).

With the rejection of 4MW load, the FL controller and LPF based ESM system provides positive

total storage reference power (Pstor−ref ) for charging (Figure 5.11). The LPF splits, Pstor−ref

between battery reference power (PBat−ref ) and supercapacitor reference power (PSC−ref ). Again,

the generation of PBat−ref for charging by the FL based two level ESM system and FL controller

and LPF based ESM system are different (Figure 5.4 and Figure 5.11). It shows that the PBat−ref

for charging by the FL controller and LPF based ESM system increases slowly, and does not show

86



sharp raising (Figure 5.11). But, for the FL controller based two level strategy, the PBat−ref shows

sharp response (Figure 5.4).

So, the simulation results show that FL controller and LPF filter based ESM system shows

superior performances than the two level FL controller based ESM system in the case of battery

power management. As, the FL controller and LPF filter based ESM deals efficiently the low

power density characteristics of the battery than the two level FL controller based ESM system.

Figure 5.13: Battery and supercapacitor voltage response (case 1).

Figure 5.14: Battery and supercapacitor current response (case 1).

Case 2: Performances of the FL Controller and LPF Based ESM System at Low SOC

of HESS: To show the performances of the FL controller and LPF based ESM system with the

situation of low SOC, the SOC of the battery is set 20% as the initial SOC and the supercapacitors

initial voltage is kept 170V with SOC of 25.5% in the Table 5.2.
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Figure 5.15: Battery and supercapacitor SOC (case 1).

Figure 5.16: The reference power produced by FL controller and LPF based ESM system (case 2).

Figure 5.17: The actual power response of the HESS (case 2).
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Figure 5.18: Battery and supercapacitor SOC (case 2).

At t=0.3s and t=0.6s, 34MW and 6MW load are connected to the MVDC system, respectively.

Again at t=1s, 4MW pulsed load is added to the MVDC system and it is continued until t=2s.

With the addition of pulsed load, the total load (44MW) goes higher than the total generation

capacity (40MW). The FL controller and LPF based ESM system is expected to provide the

negative (Pstor−ref ) for discharging. For the FL controller, the reference power generation depends

also on the SOC of the battery and supercapacitor. Figure 5.16 shows that due to low SOC (20%

and 25.5%, Figure 5.18), the FL controller provides zero reference power. Simulation results after

t=2s for the FL controller and LPF bases ESM system are same as shown earlier in the case 1,

where at t=2.5s, the battery and supercapacitor start charging and continue until t=3.5s. Figure

5.17 shows actual power consumed by the battery and supercapacitor from the MVDC system.

Case 3: Performances of the FL Controller and LPF based ESM System at High

SOC of HESS: To show the performances of the FL controller and LPF based ESM system

with the situation of high SOC, the SOC of the battery is set 94% as the initial SOC and the

supercapacitors initial voltage is kept 535V with SOC of 97.02% in the Table 5.2.

From Figure 5.19, the simulation results up to t=2.5s for the FL controller and LPF based

ESM system are same as shown earlier in the case 1, where at t=0.3s, t=0.6s and t=1s to t=2s,

the battery and supercapacitor supply power to the MVDC system (Figure 5.19). Figure 5.20

shows actual power supplied to the MVDC system by the battery and supercapacitor. At t=2.5s,

4MW load is rejected, and the FL controller and LPF based ESM system is expected to provide

the positive Pstor−ref for charging. For the FL controller, the reference power generation depends

also on the SOC of the battery and supercapacitor. Due to the high SOC of the battery and
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Figure 5.19: The reference power produced by FL controller and LPF based ESM system (case 3).

Figure 5.20: The actual power response of the HESS (case 3).

Figure 5.21: Battery and supercapacitor SOC (case 3).

supercapacitor (nearly 94% and 97.02%, Figure 5.21), Figure 5.19 shows that the FL controller

provides zero reference power for charging.
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5.3 Simulation Results with PI Controller and LPF Based
Strategy

Simulation results are shown to verify the performances of the PI controller and LPF based

ESM system for maintaining the bus voltage within the limit and supporting the generators when

the total load requirement is higher than the total generation capacity. Simulation results are

shown based on the different conditions of SOC of the battery and supercapacitor.

Case 1: Performances of the PI Controller and LPF Based ESM System when the

SOC of HESS within the Limit: Parameters used for the simulation are kept same as listed

in Table 5.1 and Table 5.2. To show the performances of the of the PI controller and LPF based

ESM system, when the SOC of HESS within the upper (90%) and lower limit (30%), the SOC of

the battery (75%) and supercapacitor (82.65%) are kept same as listed in the Table 5.2.

Figure 5.22: MVDC bus voltage (case 1).

To show the performances of the PI controller and LPF based ESM system, same operations

of FL controller and LPF based ESM system are done. From Figure 5.22 and Figure 5.23, at

t=0.3s, 34MW load is connected to the system. As the addition of the load is transient effect,

the PI controller based ESM system provides negative total storage reference power (Pstor−ref ) for

the battery and supercapacitor for discharging (shown in Figure 5.24) to support the generators.

The negative reference power (Pstor−ref ) represents that the HESS needs to supply this amount

of power to the MVDC system. The low pass filter separates the total storage reference power

(Pstor−ref ) into two parts, the low-frequency component as the battery reference power (PBat−ref )
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Figure 5.23: Total load current (case 1).

Figure 5.24: The reference power produced by PI controller and LPF based ESM system (case 1).

Figure 5.25: The actual power response of the HESS (case 1).

and the high-frequency component as the reference power (PSC−ref ) for the supercapacitor. These

battery reference power (PBat−ref ) and supercapacitor reference power (PSC−ref ) are sent to the
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controllers of the DAB converters. Figure 5.25 shows the actual power responses of the battery

and supercapacitor for the PI controller based ESM system. Figure 5.26, Figure 5.27, and Figure

5.28 show the voltage, current and SOC, respectively, of the battery and supercapacitor for the PI

controller based ESM system. So, the simulation results show that the ESM strategy based on PI

controller is capable of supporting the MVDC system in a transient situation.

At t=0.6s, another 6MW load is connected to the MVDC system. The total load of the system

is now 40MW. Figure 5.22 and Figure 5.23 show that this causes the bus voltage to go down

and increases the total load current. As the bus voltage goes down, Figure 5.24 shows that the

PI controller based ESM system generates negative total storage reference power (Pstor−ref ) for

discharging. The LPF separates the (Pstor−ref ) into two parts, PBat−ref and PSC−ref . Figure 5.25

shows the actual power response of the battery and supercapacitor.

Figure 5.26: Battery and supercapacitor voltage response (case 1).

At t=1s, 4MW pulsed load is connected to the MVDC system and it continues until t=2s. Now,

the total load of the system is 44MW. But the total generation capacity of the MVDC system is

40MW. So, the addition of the pulsed load exceeds the total generation capacity of the MVDC

system. These effects are shown in Figure 5.22 and Figure 5.23, where it is shown that the bus

voltage goes down momentarily and the total load current increases. As the total power requirement

(44MW) is higher than the total generation capacity (40MW), the PI controller based ESM system

generates negative total storage reference power (Pstor−ref ) for discharging. It is shown in Figure

5.24 that the LPF separates the Pstor−ref into two parts, PBat−ref and PSC−ref . Figure 5.25 shows
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Figure 5.27: Battery and supercapacitor current response (case 1).

Figure 5.28: Battery and supercapacitor SOC (case 1).

the actual power responses of the battery and supercapacitor for the PI controller based ESM system

for supporting the pulsed load. Figure 5.26, Figure 5.27, Figure 5.28 show the voltage, current and

SOC, respectively, of the battery and supercapacitor for the discharging period, t=1s to t=2s.

These figures show that during t=1s to t=2s, the voltages of the battery and supercapacitor go

down, output currents increase and the SOC decrease for discharging power to the MVDC system.

From t=2s to t=2.5s, the total load remains at 40MW. At t=2.5s, a 4M load is rejected from

the MVDC system. This causes the bus voltage to increase and a decrease in total current as shown

in Figure 5.22 and Figure 5.23. Figure 5.24 shows, the PI controller based ESM system provides

positive total storage reference power (Pstor−ref ) for charging, during t=2.5s to t=3.5s. The LPF

separates Pstor−ref into PBat−ref and PSC−ref . Figure 5.25 shows the actual power consumed by

the battery and supercapacitor from the MVDC system, during t=2.5s to t=3.5s. In this case, from
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Figure 5.25, the actual power responses are negative because the battery and supercapacitor work

in the charging mode, during t=2.5s to t=3.5s. Figure 5.25, Figure 5.27, and Figure 5.28 show the

voltage, current and SOC, respectively, of the battery and supercapacitor for the charging period,

t=2.5s to t=3.5s. These figures show that during t=2.5s to t=3.5s, voltages of the battery and

supercapacitor go up, the SOC increase and the currents go to negative because during t=2.5s to

t=3.5s, the battery and supercapacitor work in the charging mode.

Case 2: Performances of the PI Controller and LPF Based ESM System at Low

SOC of HESS: To show the performances of the PI controller and LPF based ESM system with the

situation of low SOC, the SOC of the battery is set 20% as the initial SOC and the supercapacitors

initial voltage is kept 170V with SOC of 25.5% in the Table 5.2.

Figure 5.29: The reference power produced by PI controller and LPF based ESM system (case 2).

Figure 5.30: The actual power response of the HESS (case 2).
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Figure 5.31: Battery and supercapacitor SOC (case 2).

At t=0.3s and t=0.6s, 34MW and 6MW load are connected to the MVDC system, respectively.

The addition of the load creates momentary voltage dip and increases the total load current. At

t=1s, 4MW pulsed load is added to the MVDC system and it is continued until t=2s. With the

addition of pulsed load, the total load (44MW) goes higher than the total generation capacity

(40MW). Considering these situations, it is expected that the PI controller and LPF based ESM

system will provide the negative total storage reference power (Pstor−ref ) for discharging of the

battery and supercapacitor. As the overcharging and deep discharging protection controller is

connected to the PI controller based ESM system, Figure 5.29 shows that the total storage reference

power (Pstor−ref ) for discharging is zero. Because of low SOC of the battery and supercapacitor

(20% and 25.2%), the charge controller blocks the PI controller’s negative total storage reference

power (Pstor−ref ) signal. Figure 5.31 shows the SOC of the battery and supercapacitor for the

PI controller based ESM system. In this case, the battery and supercapacitor are not allowed

to discharge for the PI controller based ESM system. Figure 5.31 shows that the SOC of the

battery and supercapacitor are 20% and 25.2% at the beginning, and they do not change as they

are not allowed to discharge up to t=2.5s. Simulation results at t=2.5s shows the battery and

supercapacitor charge up to t=3.5s when load is shed. Figure 5.30 shows actual power consumed

by the battery and supercapacitor from the MVDC system.

Case 3: Performances of the PI Controller and LPF based ESM System at High

SOC of HESS: To show the performances of the PI controller and LPF based ESM system with the

situation of high SOC, the SOC of the battery is set 94% as the initial SOC and the supercapacitors

initial voltage is kept 535V with SOC of 97.02% in the Table 5.2.
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Figure 5.32: The reference power produced by PI controller and LPF based ESM system (case 3).

Figure 5.33: The actual power response of the HESS (case 3).

Figure 5.34: Battery and supercapacitor SOC (case 3).

In this case, the simulation results up to t=2.5s for the PI controller and LPF based ESM

system are the same as shown in the case 1, where at t=0.3s, t=0.6s, and t=1s to t=2s, the battery
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and supercapacitor supply power to the MVDC system (Figure 5.32). Figure 5.33 shows actual

power supplied to the MVDC system by the battery and supercapacitor. At t=2.5s, 4MW load

is rejected and it is expected that the PI controller and LPF based ESM system will provide the

positive total storage reference power (Pstor−ref ) for charging of the battery and supercapacitor.

As the overcharging protection controller is connected to the PI controller based ESM system,

Figure 5.32 shows that the total storage reference power (Pstor−ref ) for charging is zero. Because

of high SOC of the battery and supercapacitor (94% and 97.02%), the charge controller blocks the

PI controller’s positive total storage reference power (Pstor−ref ) signal. Figure 5.34 shows the SOC

of the battery and supercapacitor for the PI controller based ESM system. In this case, the battery

and supercapacitor are not allowed to charge from t=2.5s to t=3.5s and the SOC of them do not

change after t=2.5s.

5.4 Comparison of Performances of the FL and PI Controller
Based ESM Systems

Parameters [27, 60] used for the simulation are listed in Table 5.1 and Table 5.2.

Case 1: Comparison of performances of the FL and PI controller based ESM sys-

tems when the SOC of HESS within the limit: For this case, the SOC of the battery and

supercapacitor are set at 75% and 82.65%.

At t=0.3s, 34MW load is connected to the system which decreased the bus voltage momentarily

and increased the total load current as shown in Figure 5.35. As the bus voltage goes down, the

FL and PI controllers provide negative total storage reference power (Pstor−ref ) (shown in Figure

5.36a). The low pass filter separates Pstor−ref into two parts: the battery reference power (PBat−ref )

and supercapacitor reference power (PSC−ref ) (Figure 5.36b and Figure 5.36c). The PBat−ref and

PSC−ref are sent to the controllers of the DAB converters. Figure 5.37 shows the actual power

responses of the battery and supercapacitor for the FL and PI controller based ESM systems.

Figure 5.38 and Figure 5.39 show the voltage, current and SOC of the battery and supercapacitor,

respectively, for both FL and PI controller based ESM systems. Simulation results show that the

ESM systems based on FL and PI controllers are capable of supporting the MVDC system in a

transient situation.
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Figure 5.35: The MVDC bus voltage and total load current with the FL and PI controller based
ESM systems (case 1).

At t=0.6s, another 6MW load is connected to the MVDC system. The total load of the system

is now 40MW. With the addition of the load, Figure 5.36 shows that the FL and PI controller

generate negative Pstor−ref for discharging. The LPF separates Pstor−ref into two parts: PBat−ref

and PSC−ref . Figure 5.37 shows the actual power responses of the battery and supercapacitor for

the FL and PI controller based ESM systems.

At t=1s, 4MW pulsed load is connected to the MVDC system and it continues until t=2s.

Now, the total load of the system is 44MW, which exceeds the total generation capacity of the

MVDC system. These effects are shown in Figure 5.35, where it is shown that the bus voltage

goes down slightly and the total load current increases. As the total power requirement (44MW) is

higher than the total generation capacity (40MW), the FL and PI controller based ESM systems

generate negative Pstor−ref for discharging. Figure 5.37 shows the actual power responses of the

battery and supercapacitor for the FL and PI controller based ESM systems for supporting the

pulsed load. Figure 5.38 and Figure 5.39 show the voltage, current and SOC of the battery and

supercapacitor, respectively, for the FL and PI controller based ESM systems for the discharging

period, t=1s to t=2s. These figures show that during t=1s to t=2s, the voltages of the battery and

supercapacitor go down, output currents increase and the SOC decrease for discharging power to

the MVDC system.
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(a) Total storage reference power.

(b) Battery reference power.

(c) Supercapacitor reference power

Figure 5.36: Reference power produced by the FL and PI controller based ESM systems (case 1).

For the 4MW power mismatch at t=1s, the PI controller provides nearly 4MW negative Pstor−ref

for discharging (Figure 5.36). But the FL controller provides nearly 4.5MW negative Pstor−ref for
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(a) Total storage actual power.

(b) Battery actual power.

(c) Supercapacitor actual power

Figure 5.37: Actual power response of the battery and supercapacitor with the FL and PI controller
based ESM systems (case 1).

discharging (Figure 5.36). The PI controller determines the Pstor−ref depending on the conditions

of the total generated power (Pgen), total load power demand (Pload), measured bus voltage (VBus)
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(a) Battery voltage response.

(b) Battery current response.

(c) Battery SOC.

Figure 5.38: The voltage, current and SOC of the battery with the FL and PI controller based
ESM systems for (case 1).

and reference bus voltage (VDC−ref ). On the other hand, the FL controller considers additionally

the SOC of the battery and supercapacitor (SOCBat, SOCSC). In this case, the SOC of the
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battery and supercapacitor are nearly high (75%, 82.65%), which means that the battery and

supercapacitor have good amount of energy stored to discharge. So, considering the SOC of the

battery and supercapacitor with the total load and bus voltage, the FL controller provides nearly

-4.5MW as Pstor−ref for discharging instead of providing -4MW reference power for discharging.

Now the total available power is 44.5MW, but total load is 44MW. At this situation, generators will

reduce their power supply by 0.5MW automatically by controlling their gas turbine based governor

systems. However, if desired, the FL controller can be adjusted in such a way that generation

output can be left to its maximum value.

From t=2s to t=2.5s, the total load remains at 40MW. At t=2.5s, a 4MW load is rejected

from the MVDC system. This causes the bus voltage to increase and a decrease in total current

as shown in Figure 5.35. Figure 5.36 shows, the FL and PI controllers provide positive Pstor−ref

for charging, during that period. Figure 5.37 shows the actual power consumed by the battery

and supercapacitor from the MVDC system for the FL and PI controller based ESM systems. In

this case, powers are negative because the battery and supercapacitor work in the charging mode,

during t=2.5s to t=3.5s. Figure 5.38 and Figure 5.39 show that during the period of t=2.5s to

t=3.5s, voltages of the battery and supercapacitor go up, the SOC increases and the currents go

to negative because the battery and supercapacitor work in the charging mode.

For the rejection of 4MW load from the MVDC system at t=2.5s, the PI controller provides

nearly 4MW reference power for charging but the FL controller generates nearly 2MW reference

power. This is because the FL controller generates reference power by considering the SOC of the

battery and supercapacitor (SOCBat, SOCSC) with the other two input variables, ∆I and VBus.

As the SOC of the battery and supercapacitor are high, they do not need to be charged quickly.

On the other hand, the PI controller’s reference power generation does not depend on the SOC of

the battery and supercapacitor.

Case 2: Comparison of performances of the FL and PI controller based ESM sys-

tems at low SOC: In this case, the SOC of the battery is set at 20% as the initial SOC and the

supercapacitor’s initial voltage is kept 170V with SOC of 25.2%.

At t=0.3s and t=0.6s, 34MW and 6MW load are connected to the MVDC system, respectively.

Again at t=1s, 4MW pulsed load is added to the MVDC system and it is continued until t=2s.

With the addition of pulsed load, the total load (44MW) goes higher than the total generation
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(a) Supercapacitor voltage response.

(b) Supercapacitor current response.

(c) Supercapacitor SOC.

Figure 5.39: The voltage, current and SOC of the supercapacitor with the FL and PI controller
based ESM systems (case 1).

capacity (40MW). Both the FL controller and PI controller based ESM systems are expected to

provide the negative Pstor−ref for discharging. As the overcharging and deep discharging protection
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Figure 5.40: Total storage reference power produced by the FL and PI controller based ESM
systems (case 2).

(a) Battery SOC.

(b) Supercapacitor SOC.

Figure 5.41: SOC of the battery and supercapacitor with the FL and PI controller based ESM
systems (case 2).
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controller is connected to the PI controller based ESM system, Figure 5.40 shows that the Pstor−ref

for discharging is zero. Because of low SOC (20% and 25.2%) of the battery and supercapacitor

(Figure 5.41), the charge controller blocks the PI controller’s negative Pstor−ref signal. For the

FL controller based ESM systems, the reference power generation depends also on the SOC of the

battery and supercapacitor (SOCBat, SOCSC) with the other two input variables, ∆I and VBus.

Figure 5.41 shows that due to low SOC (20% and 25.2%) , the FL controller also provides zero

reference power (Figure 5.40). Simulation results after t=2s for the FL and PI controller based

ESM systems are the same as shown earlier subsection 5.4.2, where at t=2.5s, the battery and

supercapacitor start charging and continue until t=3.5s.

In this case, for the rejection of 4MW load from the MVDC system at t=2.5s, the PI controller

based ESM system provides nearly 4MW reference power for charging (Figure 5.40). For the

same condition, the FL controller based ESM system generates 5MW reference power for charging

but the available power limit is applied which changed to 4MW. As the SOC of the battery and

supercapacitor are very low (20%, 25.2%), they need to be charged quickly. Considering these

issues, the FL controller based ESM system generates 5MW reference power for charging instead of

4MW reference power generation. But due to generator power limit, the generation limit checking

controller adjusted the Pstor−ref to 4MW.

Case 3: Comparison of performances of the FL and PI controller based ESM sys-

tems at high SOC: In this case, the SOC of the battery is set at 94% as the initial SOC and the

supercapacitor’s initial voltage is kept 535V with SOC of 97.02%.

From Figure 5.42, the simulation results up to t=2s for the FL and PI controller based ESM

systems are same as shown earlier in subsection 5.4.1, where as at t=0.3s, t=0.6s and t=1s to

t=2s, the battery and supercapacitor supply power to the MVDC system. At t=2.5s, 4MW load is

rejected, and both the FL and PI controller based ESM system are expected to provide the positive

Pstor−ref for charging. As the overcharging and deep discharging protection controller is connected

to the PI controller based ESM system, Figure 5.42 shows that the Pstor−ref for charging is zero.

Because of high SOC (nearly 94% and 97.02%) of the battery and supercapacitor (Figure 5.43), the

charge controller blocks the PI controller. For the FL controller based ESM system, the reference

power generation depends also on the SOC of the battery and supercapacitor. Figure 5.43 shows
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that due to the high SOC (nearly 94% and 97.02%) of the battery and supercapacitor, Figure 5.42

shows that the FL controller also provides zero reference power.

Figure 5.42: Reference power produced by the FL and PI controller based ESM systems (case 3).

In this case, for the 4MW power mismatch at t=1s, the PI controller based ESM system provides

nearly 4MW negative Pstor−ref for discharging (Figure 5.42). But the FL controller provides nearly

5MW negative Pstor−ref for discharging (Figure 5.42). In this case, the SOC of the battery and

supercapacitor are very high (94%, 97.02%) which means that the battery and supercapacitor have

good amount of energy to discharge. So, considering the SOC of the battery and supercapacitor

with the other two input variables, ∆I and VBus, the FL controller based ESM system provides

nearly -5MW as Pstor−ref for discharging instead of providing -4MW for discharging. At this

situation, generators will reduce their power supply by 1MW automatically by controlling their gas

turbine based governor systems. But the PI controller based ESM system provides nearly -4MW

reference power for charging as it does not consider SOCBat and SOCSC for the generation of

Pstor−ref .

5.5 FL vs PI Controller Based ESM Systems

As evident from the previous discussion, FL controller based ESM strategy has some advantages

over the PI controller based ESM strategy. The main advantage is that the FL controller based ESM

system does not need additional deep discharging and overcharging protection controller. As shown

in Figure 4.7, the total storage reference power (Pstor−ref ) generated by the FL controller depends
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(a) Battery SOC.

(b) Supercapacitor SOC.

Figure 5.43: SOC of the battery and supercapacitor with the FL and PI controller based ESM
systems (case 3).

on the difference between the total supplied current and the total load current (∆I), bus voltage

(VBus), SOC of the battery (SOCBat), and supercapacitor (SOCSC). The fuzzy rules are shown

in Table 4.1. From the Table 4.1, it is shown that if the SOC of the battery and supercapacitor

are low than the total storage reference power (Pstor−ref ) for discharging should be zero, and if the

SOC of the battery and supercapacitor are high than the total storage reference power (Pstor−ref )

for charging should be also zero. So, there is no need for extra overcharging and deep discharging

protection controller.

On the other hand, as shown in Figure 4.8, the total storage reference power (Pstor−ref ) genera-

tion by the PI controller based ESM system depends on the difference of the total load (Pload) and

the total generated power (Pgen), and the difference of the reference bus voltage (VDC−ref ) and the
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Table 5.3: Comparison of FL and PI Controller Based ESM Systems

FL controller based ESM System PI controller based ESM System

FL based ESM system does not need addi-
tional deep discharging and overcharging pro-
tection controller.

PI based ESM system needs additional deep
discharging and overcharging protection con-
troller.

In FL based ESM system, total storage ref-
erence power (Pstor−ref ) is dependent on
SOCBat and SOCSC with other two input
variables (VBus, ∆I).

In PI based ESM system, total storage ref-
erence power (Pstor−ref ) is not dependent on
SOCBat and SOCSC . It depends on only the
two input variables (power and voltage).

FL based ESM system can change Pstor−ref

with the change of SOCBat and SOCSC .
PI based ESM system cannot change Pstor−ref

with the change of SOCBat and SOCSC .

FL based ESM system helps for fast charging
and discharging.

PI based ESM system does not help for fast
charging and discharging.

measured bus voltage (VBus). The total storage reference power (Pstor−ref ) generation by the PI

controller based ESM system does not consider the SOC of the battery and supercapacitor. If the

PI controller based ESM system generates Pstor−ref depending on the power mismatch and the bus

voltage change, and if the SOC of the battery and supercapacitor are low or high then there are

possibilities of deep discharging or overcharging. Overcharging and deep discharging reduce the life

time of the energy storage and decrease efficiency. So, the PI controller based ESM strategy needs

extra overcharging and deep discharging protection controller as shown in Figure 4.9.

The overcharging and deep discharging controller of the PI controller based ESM system blocks

the total storage reference power (Pstor−ref ) when the SOC of the battery and supercapacitor cross

the upper (90%) and lower (30%) limit. It has no impact on determining the Pstor−ref . But the

reference power generation by the FL controller based ESM system depends on all the four input

variables (∆I, VBus, SOCBat, SOCSC). The SOC of the battery and supercapacitor (SOCBat,

SOCSC) have direct impact on determining the total storage reference power (Pstor−ref ). If the

battery and supercapacitor are nearly at fully charged, the FL controller based ESM system gen-

erates high reference power for discharging and low reference power for charging. It does opposite

when the SOC of the battery and supercapacitor are low. If the SOC of the battery and superca-

pacitor are nearly low, the FL controller based ESM system will generate low reference power for

discharging and high reference power for charging. The comparison of FL and PI controller based

ESM system are summarized in Table 5.3.
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5.6 Power Sharing by FL and SOC Based Strategies

To show the power sharing between two batteries and two supercapacitors, the SOC of the

batteries are set randomly as 86% and 54% as the initial SOC and the supercapacitors initial

voltage are kept 430V and 495V with SOC of 75.55% and 88.75%, respectively. The system is

subjected to the same test situations as described in the previous case 5.4.1.

5.6.1 FL Based Power Sharing

At t=0.3s, t=0.6s and t=1s to t=2s, the FL controller provides the negative Pstor−ref for dis-

charging (Figure 5.44). The LPF separates the Pstor−ref into PBat−ref and PSC−ref . The FL

based power sharing controller separates the PBat−ref into PBat−1−ref , PBat−2−ref and PSC−ref

into PSC−1−ref , PSC−2−ref (Figure 5.45). As the SOC of the battery-1 is higher than the SOC of the

battery-2, the FL based power sharing controller allocates the big part of PBat−ref as PBat−1−ref

and small part as PBat−2−ref for discharging (Figure 5.45a). For supercapacitors, the SOC of the

supercapacitor-1 is lower than the SOC of the supercapacitor-2. The SOC based power sharing

controller allocates the small part of PSC−ref as PSC−1−ref and big part as PSC−2−ref for dis-

charging (Figure 5.45b). At t=2.5s, 4MW load is rejected and the FL controller provides positive

Pstor−ref for charging of the batteries and supercapacitors (Figure 5.44). From Figure 5.44, the

LPF separates the Pstor−ref into PBat−ref and PSC−ref . As the SOC of the battery-1 is higher

than the SOC of the battery-2, the FL based power sharing controller allocates the small part of

PBat−ref as PBat−1−ref and a big part as PBat−2−ref for charging of the batteries (Figure 5.45a).

For supercapacitors, the SOC of the supercapacitor-1 is lower than the SOC of the supercapacitor-

2. The FL based power sharing controller allocates the major part of PSC−ref as PSC−1−ref and

small part as PSC−2−ref (Figure 5.45b) for charging of the supercapacitors.

5.6.2 SOC Based Power Sharing

At t=0.3s, t=0.6s and t=1s to t=2s, the PI controller provides the negative Pstor−ref for dis-

charging (Figure 5.46). From Figure 5.46, the LPF separates the Pstor−ref into PBat−ref and

PSC−ref . The SOC based power sharing controller separates the PBat−ref into PBat−1−ref ,

PBat−2−ref and PSC−ref into PSC−1−ref , PSC−2−ref (Figure 5.47a and Figure 5.47b). As the

SOC of the battery-1 is higher than the SOC of the battery-2, the SOC based power sharing con-

troller allocates the big part of PBat−ref as PBat−1−ref and small part as PBat−2−ref for discharging
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Figure 5.44: Reference power produced by the FL controller based ESM system.

(a) Reference power of the batteries.

(b) Reference power of the supercapacitors.

Figure 5.45: Reference power of the batteries and supercapacitors produced by the FL based power
sharing controller.
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(Figure 5.47a). For supercapacitors, the SOC of the supercapacitor-1 is lower than the SOC of the

supercapacitor-2. The SOC based power sharing controller allocates the small part of PSC−ref

as PSC−1−ref and a big part as PSC−2−ref for discharging (Figure 5.47b). At t=2.5s, 4MW load

is rejected and the PI controller provides the positive Pstor−ref for charging of the batteries and

supercapacitors (Figure 5.46). The LPF separates the Pstor−ref into PBat−ref and PSC−ref (Figure

5.46). As the SOC of the battery-1 is higher than the SOC of the battery-2, the SOC based power

sharing controller allocates the small part of PBat−ref as PBat−1−ref and big part as PBat−2−ref for

charging of the batteries (Figure 5.47a). For supercapacitors, the SOC of the supercapacitor-1 is

lower than the SOC of the supercapacitor-2. The SOC based power sharing controller allocates the

big part of PSC−ref as PSC−1−ref and small part as PSC−2−ref for charging of the supercapacitors

(Figure 5.47b).

Figure 5.46: Reference power produced by the PI controller based ESM system.

5.7 Controller Hardware-in-the-Loop (CHIL) Based
Experimental Results

5.7.1 Introduction of CHIL Environment

RT-LAB Real-Time Simulator: For real-time simulation of MVDC power system, RT-

LAB real-time simulator is used. MATLAB/Simulink platform is used for drawing, editing block

diagram of the model of the system [89]. The block-diagram is used to generate C code which

is downloaded onto Target computer (real-time simulator) for real-time simulation. To connect

the real-time simulator with external hardware devices, controllers, physical plants, inputs, and
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(a) Reference power of the batteries.

(b) Reference power of the supercapacitors.

Figure 5.47: Reference power of the batteries and supercapacitors produced by the SOC based
power sharing controller.

outputs (I/O) interfacings are required. Signals can be passed easily as inputs and outputs by

using I/O blocks from the library of RT-LAB. RT-LAB automatically generates model code and

I/O drivers. The Target computer (real-time simulator) uses TCP/IP network for communication

between Target computer and Host computer. The Target computer can be connected to more

than one Host computer but only a single Host computer has the full control of the simulator.

The Target real-time simulator computer uses REDHAT real-time operating system. The Simulink

SimPowerSystems use fixed-time-step solver based on the Tustin method but it is not suitable for

real-time simulation for some limitations. It has limitations with iterative calculations to solve

algebraic loops, dynamic computation of circuit matrices, un-damped switching oscillation, and

the slowdown of simulation speed with the very small time step size. To overcome the limitations
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of SimPowerSystems solver, RT-LAB uses advanced fixed time-step solvers and computational

techniques designed for the real-time simulation which is known as ARTHEMIS [89].

OP7020: The OP7020 is a Virtex-7 FPGA process and expansion unit which is designed to be

used with Opal-RT real-time multi-core computer to simulate complex power electronics circuits

and to develop control systems. It incorporates the FPGA technology in RT-LAB simulation.

It operates at 100MHz. It can support 16 high-speed fiber optic links using Small Form-factor

Pluggable (SFP) transceivers for high-speed communication with other OPAL-RT simulators, such

as the OP7000, OP5607 and users external controllers. Where the maximum signaling rate is 5Gbps

with Aurora, Gigabit Ethernet or customer requirements based protocols. It also supports high

speed (30Gbps) PCI Express X4 links to interface with an OPAL-RT real-time multi-core simulator

which helps for simulation of large AC-DC grids [90].

OP5607: The OP5607 is a Xilinx Virtex-7 FPGA which can be interfaced with an OPAL-RT

real-time multi-core simulator. It helps to incorporate FPGA technology to RT-LAB simulation

with high-speed, high-density analog/digital I/O. It has additional I/O (input/output) expansion

unit which actually acts as additional inputs and outputs ports for Opal-RT simulator. It has 8

signal conditioning and analog/digital converter modules with 16 analog and 32 digital channels.

Which eventually supports 128 fast analog and 256 digital signals. It can accommodate 16 SFP

multi-mode fiber optic modules for high sped communications (speed from 1 to 5Gbps) with other

FPGA devices (OP7020, OP4500, OP7020) and external controllers. It maintains the Aurora,

Gigabit Ethernet or customer requirements based protocols. It has additional mini-BNC terminals

for monitoring signals through oscilloscope. It can accommodate high speed PCI Express Gen2*4

for connection to real-time multi-time computer [91]. It enables update rates of 100MHz which is

capable to generate digital events for high-precision switching.

5.7.2 CHIL Simulation Setup

The block diagram for CHIL simulation setup is shown in Figure 5.48. The Host computer is

Intel core i7, 3.2GHz processor. The Host computer is used to prepare the model for real-time

simulation in Target computer. It can show the real-time simulation results from Target computer.

It is connected to the Target-real time simulator via Ethernet cable. All the loads, sources, battery

and supercapacitor are modeled in four different subsystems and run on 4 cores of the simulator
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CPU. The FL based ESM system controller is implemented in FPGA-OP7020. The FPGA board-

OP5706 is used to produce analog output signals. FPGA-7020 and FPGA-5607 are connected to

the Target computer via PCIe cable.

The Xilinx System Generator (XSG) library provided by RT-LAB is used to model the controller

in FPGA-OP7020. RT-XSG library is also used to model analog outputs in FPGA-OP5607. The

RT-XSG is capable of compiling the model and generates VHDL (VHSIC Hardware Description

Language) code and FPGA bit streams. The FPGA bit stream files are loaded in OP5607, OP7020.

Figure 5.48: Block diagram of hardware setup for CHIL simulation of FL based ESM system.

Figure 5.49 shows the experimental setup. In the front panel (Figure 5.49a), the top FPGA

board is OP7020 where the ESM controller is implemented. The bottom FPGA board is OP5607

and it is used to show the analog output results in the scope. The black audio cable is for syn-

chronization between two FPGAs (OP5607 and OP7020). The top FPGA board (OP7020) works

as master and bottom FPGA board works as slave. The white cable is RJ45 connector which

connects analog/digital ports to quick monitoring ports. BNC connectors are used to connect

quick monitoring ports to the oscilloscope. In the back panel (5.49b), the orange cables are PCI

express (PCIe) cables which connect both FPGAs (OP5607, OP7020) to the Target computer sys-

tem. FPGA boards (OP5607, OP71020) transfer signals to the modeled electrical subsystems in

real-time simulator through the PCIe cables.

115



(a) Front panel.

(b) Back panel.

Figure 5.49: Experimental setup for CHIL operation of FL based ESM system.
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5.7.3 CHIL vs Off-line Results

To show the experimental results of the FL controller and LPF based ESM systems, the three

cases of section 5.2 are performed. Here, Off-line and CHIL results are shown together for compar-

ison purpose.

Case 1: Performances of the FL Controller and LPF Based ESM System when the

SOC of HESS within the Limit: For this case, the SOC of the battery and supercapacitor are set

at 75% and 82.65%. The simulation steps are the same as described in case 1 of section 5.2 of chapter

5. At t=0.3s and t=0.6s, 34MW and 6MW load are connected to the MVDC system, respectively.

Figure 5.50 shows the MVDC bus voltage and total load current (Off-line and CHIL). The addition

of loads are transient operations and FL controller based ESM system provides negative Pstor−ref

for discharging (Figure 5.51). Figure 5.51 shows also LPF separates Pstor−ref between PBat−ref

and PSC−ref . Again, at t=1s, 4MW pulsed load is added to the MVDC system and it is continued

for t=1s. With this operation, total power demand exceeds the total generation capacity and the

FL controller based ESM system provides nearly -4.5MW as Pstor−ref for discharging (Figure 5.51).

Figure 5.52 shows the actual power response of the battery and supercapacitor. At t=2.5s, 4MW

load is rejected and the FL controller based ESM system provides positive Pstor−ref for charging

(Figure 5.51). Figure 5.52 shows the actual power consumed by the HESS. From the figures (Figure

5.50, Figure 5.51, and Figure 5.52) it is clear that the Off-line and CHIL results are same.

Case 2: Performances of the FL Controller and LPF based ESM System at Low

SOC of HESS: To show the performances of the FL controller and LPF based ESM system

with the situation of low SOC, the SOC of the battery is set 20% as the initial SOC and the

supercapacitor’s initial voltage is kept 170V with SOC of 25.5%. In this case, the simulation steps

are the same as described in case 2 of section 5.2 of chapter 5.

At t=0.3s and t=0.6s, 34MW and 6MW load are connected to the MVDC system, respectively.

Pulsed load is added at t=1s until t=2s. Considering those operations, the FL controller based

ESM system is expected to provide negative Pstor−ref for discharging. But due to low SOC of

battery and supercapaictor (20% and 25.5%), Figure 5.53 shows that the FL controller based ESM

system provides zero Pstor−ref for discharging. Similar to case 1, at t=2.5s, 4MW load rejected and

Figure 5.53 shows that the ESM system provides positive Pstor−ref for charging. From the Figure

5.53, the Off-line and CHIL results are same.
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(a) Off-line simulation results.

(b) CHIL results-oscilloscope plots: Ch1: MVDC bus voltage and Ch2: total load current (Ch1: 2.5kV/div,
Ch2: 4000A/div).

Figure 5.50: MVDC bus voltage and total load current (case 1).
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Case 3: Performances of the FL Controller and LPF based ESM System at High

SOC of HESS: To show the performances of the FL controller and LPF based ESM system

with the situation of high SOC, the SOC of the battery is set 94% as the initial SOC and the

supercapacitor’s initial voltage is kept 535V with SOC of 97.02%. In this case, the simulation steps

are the same as described in case 3 of section 5.2 of chapter 5.

In this case, at t=0.3s, t=0.6s, t=1s to t=2s, 34MW, 6MW and 4MW pulsed load are connected

to MVDC system. Considering those operations, the FL controller based ESM system provides

negative Pstor−ref for discharging (Figure 5.54). At t=2.5s, 4MW load is rejected and for charging

the FL controller based ESM system should provide positive Pstor−ref . But the SOC of the battery

and supercapacitor are high (94%, 97.02%). To avoid overcharging, Figure 5.54 shows that the FL

controller based ESM system provide zero Pstor−ref instead of positive Pstor−ref . From the Figure

5.54, the Off-line and CHIL results are same.
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(a) Off-line simulation results.

(b) CHIL results-oscilloscope plots: Ch1: total storage reference power, Ch2: battery reference power, Ch3:
supercapacitor reference power (Ch1, Ch2, Ch3 = 5MW/div).

Figure 5.51: Reference power produced by FL controller and LPF based ESM system (case 1).
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(a) Off-line simulation results.

(b) CHIL results-oscilloscope plots: Ch1: total storage actual power, Ch2: battery actual power, Ch3:
supercapacitor actual power (Ch1, Ch2, Ch3 = 5MW/div).

Figure 5.52: Actual power response of the HESS (case 1).
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(a) Off-line simulation results.

(b) CHIL results-oscilloscope plots: Ch1: total storage reference power, Ch2: battery reference power, Ch3:
supercapacitor reference power (Ch1, Ch2, Ch3 = 5MW/div).

Figure 5.53: Reference power produced by FL controller and LPF based ESM system (case 2).

122



(a) Off-line simulation results.

(b) CHIL results-oscilloscope plots: Ch1: total storage reference power, Ch2: battery reference power, Ch3:
supercapacitor reference power (Ch1, Ch2, Ch3 = 5MW/div).

Figure 5.54: Reference power produced by FL controller and LPF based ESM system (case 3).

123



CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

The research work focused on the energy storage management system of the MVDC power

system of the electric ship. With the incorporation of high power pulsed load (EMALS, and EMRG),

the energy storages have become indispensable part of the shipboard power system. The main

challenges of this research work is to find out the proper type of energy storages for the shipboard

power system considering the size, weight, energy density, power density, and efficiency of the energy

storages. As the space is limited in the shipboard, it is required to find out the appropriate energy

storages to provide best service without consuming much space in the shipboard. Considering those

issues, battery and supercapacitor are selected as the suitable energy storages for the shipboard

power system. To show the real scenario of steady state and transient operations of the shipboard

power system, it is challenging to model the shipboard power system with the all the components

(generators, propulsion motors, MMC converters, DAB converters, battery model, supercapacitor

mode, pulsed load, ship service load). It is required to model generators with excitation system,

governor system and synchronous machine to show the real transient effects of the generator on the

shipboard power system. If a three-phase infinite source is used instead of generator model, it can

deliver any amount of power at any time without any change in output voltage. But a generator

has limited capacity and it needs time to responds with the change of the load. If more power is

drawn than its capacity, its voltage degrade. Considering those issues, it is impossible to show the

operations of the energy storages of a MVDC power system without generators. For power transfer

among the MVDC system and generators, MMC converters are used. MMC converter shows better

controllability of DC output voltage than the three-phase rectifier. MMC converter also helps to

limit fault current. The modeling of MMC converter is a difficult task with different operation

principle than the three-phase rectifier. Here, ship propulsion system is also modeled with drive

inverter, propeller and hydrodynamics to show the load variation of the shipboard power system

with the variation of the ship’s speed in knots. As the main load of the shipboard power system is
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the propulsion load and it changes with the variation of the ship’s speed, it is required to model the

shipboard propulsion system accurately to show the performances of the energy storages with the

variation of the ship’s speed. In this research work, pulsed power load is represented as constant

power load instead of using resistive load to show the real effect of the pulsed load on the ship

power system. For power transfer among the MVDC system and energy storages (battery and

supercapacitor), DAB converters with galvanic isolation are used instead of conventional Buck-

Boost DC-DC converters. The final goal is to design an ESM system for the shipboard power

system to control the power transfer among the MVDC system and energy storages (battery and

supercapacitor). To control the charging and discharging of the battery and supercapacitor with

the changes of load demand, it is required to design an intelligent ESM system which is capable

to provide reference power signal for charging and discharging of the energy storages. Here, at

the beginning, two level FL based ESM system is designed. Simulation results showed that the

two level FL based ESM system is capable to control the charging and discharging of the energy

storages. But it creates some problem with the battery charging and discharging. Later, a LPF

is designed to replace FL2 controller for power allocation of the battery and supercapacitor. A PI

controller based ESM system is also designed to compare the performances with the FL based EMS

system. Finally, the comparisons of the FL controller based ESM system and PI controller based

ESM system are shown. Simulation results verify that the FL based ESM system shows superior

performances than the PI controller based ESM system. Key contributions of the research work

are summarized here,

• A MVDC system with IPS structure is designed to show transient and steady state behavior

of the shipboard power system.

• The MVDC system is modeled with all the components (gas turbine based generators, propul-

sion hydrodynamics, MMC converter, battery model, supercapacitor model, DAB converter,

pulsed load, ship service load, radar load).

• Two ESM systems (FL controller based and PI controller based) are designed to control power

transfer among the energy storages and the MVDC system.

• Both the ESM systems are capable to control power transfer of the battery and supercapacitor

to meet the transient and steady power demand of the MVDC system.

• Eventually, the comparisons of the FL controller and PI controller based ESM system are

shown.
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• Finally CHIL based experimental results are added to demonstrate the effectiveness of the

controller.

6.2 Future Work

• In this research work, two ESM systems are designed for supervisory control of the energy

storages. Battery and supercapacitor are connected to the MVDC system directly via DAB

converters. The energy storages are not incorporated for individual loads. They are connected

directly to the MVDC bus. Another technique for ESM system could be zonal energy storage

management. In this technology, individual ESM system would be responsible to control

power transfer among the individual zonal load and specified energy storages for this zone.

• Here energy storage are connected to the MVDC system. Another future aspect of this

research would be to connect energy storages only for the pulsed load. In this potential

location, energy storages would be responsible for power supply only to the pulsed load not

for any other load and they will take charging power from the MVDC system. By connecting

energy storages in this potential location, need to observe the bus voltage load power demand,

and power quality.

• In this research work, battery and supercapacitor are used as the potential energy storages.

Another prospective future work would be using other energy storages (for example: SMES,

and FES) and compare the results with the results of the battery and supercapacitor.

• As the size of the shipboard power system is very large (40MW), it is difficult to implement

the system experimentally. But a good solution would be to test the short version of the

MVDC system.
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APPENDIX A

OFFLINE SIMULATION MODEL

Charge controller MATLAB code

1 function [P_Sig_ref, Discharge_Bat, Charge_Bat, Discharge_SC, Charge_SC] =

2 fcn(Pref, Pgen,P_Sig, SOC_Bat, SOC_SC, Dis_Bat, Char_Bat, Dis_SC, Char_SC)

3

4 if (40<=SOC_Bat)&& (SOC_Bat<=90)

5 if Pref>(Pgen)

6 Dis_Bat=1;

7 else

8 Dis_Bat=0;

9 end

10 if Pgen>(Pref)

11 Char_Bat=0;

12 else

13 Char_Bat=0;

14 end

15

16 end

17 if (SOC_Bat<=40)% for overdischarging protection and charge if total generation

18 %is higher than total load.

19 if Pgen>(Pref0)

20 Char_Bat=1;

21 Dis_Bat=0;

22 else

23 Char_Bat=0;

24 Dis_Bat=0;

25 end

26 end

27 if (SOC_Bat>=90) %for overcharging protection and discharge if total generation

28 %is higher than total load.

29 if Pref>(Pgen)

30 Char_Bat=0;

31 Dis_Bat=1;

32 else

33 Char_Bat=0;

34 Dis_Bat=0;

35 end

36 end

37

38 % for supercapacitor

39 if (40<=SOC_SC)&& (SOC_SC<=90)

40 if Pref>(Pgen)

41 Dis_SC=1;

42 else

43 Dis_SC=0;
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44 end

45 if Pgen>(Pref)

46 Char_SC=1;

47 else

48 Char_SC=0;

49 end

50

51 end

52 if (SOC_SC<=40)% for overdischarging protection and charge if total generation

53 %is higher than total load.

54 if Pgen>(Pref)

55 Char_SC=1;

56 Dis_SC=0;

57 else

58 Char_SC=0;

59 Dis_SC=0;

60 end

61 end

62 if (SOC_SC>=90) %for overcharging protection and discharge if total generation

63 %is higher than total load.

64 if Pref>(Pgen)

65 Char_SC=0;

66 Dis_SC=1;

67 else

68 Char_SC=0;

69 Dis_SC=0;

70 end

71 end

72

73

74 if (1<=Dis_Bat)&& (1<=Dis_SC)

75 P_Sig2=P_Sig;

76 else P_Sig2=0;

77 end

78 if (1<=Char_Bat)&& (1<=Char_SC)

79 P_Sig3=P_Sig;

80 else P_Sig3=0;

81 end

82 if (P_Sig<=0)

83 P_Sig4=P_Sig2;

84 else P_Sig4=P_Sig3;

85 end

86 Discharge_Bat=Dis_Bat;

87 Charge_Bat=Char_Bat;

88 Discharge_SC=Dis_SC;

89 Charge_SC=Char_SC;

90

91 P_Sig_ref=P_Sig4;

92 end
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Figure A.1: MATLAB-Simulink diagram of 40MW MVDC power system with ESM system.
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Figure A.2: MATLAB-Simulink diagram of 80MW MVDC power system with ESM system.
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APPENDIX B

REAL-TIME MODEL

Figure B.1: Mathematical implementation of FL based ESM system.
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Figure B.2: RT-XSG model of FL based ESM system for FPGA implementation.

Figure B.3: Real-time simulation model of 40MW MVDC power system with ESM system in
FPGA.
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