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ABSTRACT OF THE DISSERTATION 

HYBRID ENERGY STORAGE IMPLEMENTATION IN DC AND AC POWER 

SYSTEM FOR EFFICIENCY, POWER QUALITY AND RELIABILITY 

IMPROVEMENTS 

by 

Mustafa Farhadi 

Florida International University, 2016 

Miami, Florida 

Professor Osama Mohammed, Major Professor 

Battery storage devices have been widely utilized for different applications. 

However, for high power applications, battery storage systems come with several 

challenges, such as the thermal issue, low power density, low life span and high cost. 

Compared with batteries, supercapacitors have a lower energy density but their power 

density is very high, and they offer higher cyclic life and efficiency even during fast charge 

and discharge processes. In this dissertation, new techniques for the control and energy 

management of the hybrid battery-supercapacitor storage system are developed to improve 

the performance of the system in terms of efficiency, power quality and reliability.  

To evaluate the findings of this dissertation, a laboratory-scale DC microgrid 

system is designed and implemented. The developed microgrid utilizes a hybrid lead-acid 

battery and supercapacitor energy storage system and is loaded under various grid 

conditions. The developed microgrid has also real-time monitoring, control and energy 

management capabilities.  
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A new control scheme and real-time energy management algorithm for an actively 

controlled hybrid DC microgrid is developed to reduce the adverse impacts of pulsed power 

loads. The developed control scheme is an adaptive current-voltage controller that is based 

on the moving average measurement technique and an adaptive proportional compensator. 

Unlike conventional energy control methods, the developed controller has the advantages 

of controlling both current and voltage of the system. This development is experimentally 

tested and verified. The results show significant improvements achieved in terms of 

enhancing the system efficiency, reducing the AC grid voltage drop and mitigating 

frequency fluctuation. 

Moreover, a novel event-based protection scheme for a multi-terminal DC power 

system has been developed and evaluated. In this technique, fault identification and 

classifications are performed based on the current derivative method and employing an 

artificial inductive line impedance. The developed scheme does not require high speed 

communication and synchronization and it transfers much less data when compared with 

the traditional method such as the differential protection approach. Moreover, this scheme 

utilizes less measurement equipment since only the DC bus data is required. 
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 INTRODUCTION 

1.1. Introduction to Energy Storage Systems 

In order to deal with the projected energy requirements, and address the 

environmental concerns through the integration of more renewable energy sources, the 

current electric power grid is required to undergo essential modernization. Advances to the 

electric grid must also increase the efficiency of non-renewable energy sources while 

improving the performance of the electricity delivery system. In order to help meet these 

challenges, energy storage systems can play a significant role by enhancing the operating 

capabilities of the power system, ensuring its reliability, and lowering the cost while 

reducing future infrastructure investments. Moreover, energy storage systems, as backup 

power, can be essential for system stabilization services and emergency preparedness [1]-

[2].  

Pursuit of a renewable energy future is inspiring significantly increased efforts for 

global energy storage installations. As of December 2014, the United State has about 21.4-

GW of operational grid storage, in which more than 200-MW is electro-chemical storage 

[3]. Energy storage systems are an instrumental tool for improving the power grid 

reliability by regulating variable generations and improving smart grid and microgrid 

functionality. In smart grid and microgrid power systems, storage devices provide 

redundancy in a system with limited transmission capacity, and for a system with variable 

and changing load profiles. 

Different energy storage technologies have been developed for various smart grid 

and microgrid applications. These technologies include, but are not limited to, pumped 
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hydro storage (CHS), compressed air energy storage (CAES), electrochemical capacitors, 

different types of batteries, and flywheels. However, various challenges are related to the 

widespread deployment of these technologies: manufacturing and grid integration cost, 

reliability and safety of the system, and industrial performance acceptance. Depending on 

the application and the performance required, an energy storage system or hybrid 

combination of these technologies should be employed. In this chapter, the latest 

technology developments of energy storage devices are presented. This chapter also 

discusses the detailed application of these storage technologies in a power grid and in 

transportation system, in addition to critical and pulse loads. 

1.2. Energy Storage Technology Overview 

Various energy storage technologies have been developed for different grid 

services. The storage system capabilities in meeting different grid requirements also makes 

the storage system proper for multiple services and gives the storage system a greater 

degree of operational flexibility than the traditional grid energy resources, such as a diesel 

generator or combustion turbines. Moreover, the multi-functionality of the storage system 

makes these technologies more flexible in terms of design and investment. However, 

depending on the performance characteristics of an energy storage technology, it can be 

ideal for certain power system services and less suitable for other applications. 

Figure 1.1 groups energy storage systems based on their technologies. Some of 

these technologies, such as pumped hydro and CEAS, are widely employed and mature in 

technology, while some others, such as hydrogen and thermal energy storage, are in their 

early stages of development. Moreover, these technologies are different in term of cost and 



3 
 

performance. As a result, not every technology is suitable for every kind of application. In 

this section, the main energy storage technologies developed for various power system 

applications are described and their advantages and drawbacks are presented. 

 
Figure 1.1: Classification of energy storage technologies. 

1.2.1. Pumped Hydroelectric Energy Storage 

Pumped hydroelectric energy storage (PHES) is the most mature and widespread 

large-scale energy storage system among the available technologies and is currently used 

at many locations in the United States and around the world. At present, the United States 

has about 20.4-GW operational PHES capacity, which is 95% of the total grid scale 

available storage systems [3]. A pumped hydro system is typically comprised of two water 

reservoirs at different heights which are connected by a waterway system including a 

number of pump and turbine units. During off-peak electricity demand, PHES pump water 

from a reservoir up to another reservoir at a higher elevation. When the demand is high, 
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water from the upper reservoir is released through a hydroelectric turbine into the lower 

reservoir to support the power grid. 

 The typical efficiency of the PHES is about 76%–85%, while the system can be 

practically sized up to 4-GW [4]-[5]. Recently, the variable speed pumping technology 

commenced new capabilities to the PHES to assist in the integration of variable generation 

sources. The PHES system can respond in a range of a few minutes up to hours. Therefore, 

it is suitable for power quality improvement of the grid and in applications such as energy 

management, load leveling and frequency regulation [6]-[8]. As a result, the PHES system 

can enhance the grid to allow successful integration of large amounts of renewable 

resources. 

However, the PHES has very specific geographic requirements, making its 

installation site-dependent. Generally, a reservoir one kilometer in diameter, 25 meters 

deep and 200 meters head is required to store enough water for a 10-GWh PHES system 

[9]. Although the cost per kWh of the PHES system is relatively low in comparison to the 

other storage technologies, the high initial installation cost of the PHES plants makes these 

systems less economically attractive for low-power applications [6]-[8]. 

1.2.2. Compressed Air Energy Storage 

Compressed air energy storage (CAES) systems have a similar concept as pumped 

hydro while they store the energy in the form of pressurized air. However, they are not as 

largely utilized as PHES systems. The CAES systems store compressed air in underground 

caverns in geological formations such as naturally occurring aquifers and constructed rock 

caverns [5]-[9].  
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The energy requirement of the CAES systems is absorbed during off-peak hours 

from renewable energy sources or the grid and can be discharged for various services. 

Large-scale CAES systems are capable of discharge times in tens of hours and with high 

module sizes that can reach 1-GW. These capabilities are highly effective in increasing the 

penetration level of renewable energy resources while enhancing the grid stability during 

intermittent operations. Also, the CAES systems have high flexibility that enables the 

power plants to be a reliable power supply and react within a few minutes. As a result, the 

CAES are very suitable for use in providing ancillary services such as reactive power 

control for voltage support and capacity reserve to maintain and improve the grid 

reliability[6]-[8].  

The current total capacity of all CAES plants in the United States, including the 

recently announced projects, is 420-MW [9]. Although the CAES technology is highly 

effective in providing grid service that can assist in achieving the full potential of 

renewables, there are main disadvantages related to its high installation cost and its 

dependence on geographical location [6]-[8].  

1.2.3. Flywheels  

The flywheel energy storage system is a mechanical energy storage technology that 

absorbs energy from the grid and converts it into a spinning disc. The disc is connected to 

a central shaft and rotates on two magnetic bearings that are placed in a vacuum to reduce 

windage losses occurring due to air resistance against moving parts. The flywheel can be 

sped up to take in electricity from the grid or slowed down to rapidly utilize the energy. 

The faster a flywheel rotates, the more energy it can store. The amount of kinetic energy, 

E, stored in a spinning object is a function of its mass and its velocity as (1.1). 
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 21
2

E Iω=  (1.1)  

where, I is the moment of inertia and ω is the rotational velocity.  

In a case of a flywheel system with a solid disc, the stored kinetic energy can be 

expressed by: 

 2 2 21 1
4 4

E Mr Mvω= ≈  (1.2)  

where M is the mass of the rotating disc, v is the linear velocity of the outer rim of the 

cylinder and r is its radius. Equation (1.2) shows that increasing the rim speed is more 

effective than increasing the mass of the disc for increasing the energy capacity of a 

flywheel system. However, a flywheel system is limited by the strength of the disc material 

to withstand the stresses caused by rotation [10]- [13]. 

Although the power density of the flywheel is very high, its energy density is 

relatively low. Thus, in grid applications, they are only suitable for frequency regulation 

and short-time power quality services. Moreover, the flywheel energy storage can be 

utilized in a hybrid configuration with another electric energy storage system such as 

batteries or fuel cells. Examples include aircraft powertrains and shipboard power systems 

where the systems require very high power for short periods of time in order of a few 

seconds and even milliseconds [10]-[15]. 

 

1.2.4. Electrochemical Batteries 

In contrast to the pumped hydro and CAES technologies that require specific 

geographical features at their installation site, various electrochemical batteries can be 

utilized without this limitation. However, the energy capacity of the battery technology 
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storages are lower and their discharge times are shorter, ranging from a few seconds to ten 

hours [16]-[18].  

 
Figure 1.2: Comparison of the different battery technologies in terms of volumetric and 

gravimetric energy density [16]-[18]. 

There are several battery technologies that are commercially available and have 

been successfully utilized in both distributed and centralized power applications. However, 

there are several challenges for their widespread deployment, such as lifetime, safety, 

system cost, charging capabilities, and power management. The most mature and modern 

battery technologies that are currently available include lithium-ion (Li-ion), nickel-

cadmium (Ni-Cd), sodium sulfur (NaS), and lead acid batteries.  

Volumetric and gravimetric energy density comparison of different battery 

technologies and flywheel energy storage is shown in Figure 1.2 . As can be seen, the 

battery technologies have much higher volumetric and gravimetric energy density which 

results in a lighter and more compact system. Among the different battery technologies, 

the lithium-ion storage system has the highest energy and is very suitable for applications 

where system weight and volume are concerns. Figure 1.3 also shows the comparison of 
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the different battery technologies and the flywheel in terms of cost per unit power output 

and cost per energy. Lead acid battery storage, as a mature technology with good battery 

life, is relatively cheap and is suitable for power quality and energy management 

applications. Also, lithium-ion, as a modern battery technology, is more expensive. It can 

be seen that the flywheel energy storage for high power application is feasible while it is 

not economic for high-energy applications. In this section, the most mature and modern 

battery technologies, namely Li-ion, Ni-Cd, NaS, and lead acid batteries, are explained 

here with their technical advantages and limitations.  

 
Figure 1.3: Comparison of different battery technologies in terms of capital cost per unit 

power and capital cost per energy [16]-[18]. 

1.2.4.1. Lithium-ion batteries 

Li-ion energy storage has been utilized in a wide range of applications, ranging 

from a few kilowatt hours in residential applications, such as rooftop photovoltaic arrays, 

to multi-megawatts for grid ancillary services, such as frequency regulation and spinning 

reserve. The anode in Li-ion batteries is made of graphitic carbon while different lithiated 

metal oxides, such as LiCoO2 and LiMO2, can be used as a cathode. When the battery is 
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charged, the cathode is turned into lithium ions and moved through the lithium salts 

electrolyte towards the anode where they combine with external electrons.  

Li-ion batteries have a very high energy density, fast response and long cyclic 

lifetime. Also, the efficiency of Li-ion batteries is very high, reaching above 95%. These 

advantages led Li-ion batteries to be widely used in portable electronic devices and 

considered as promising devices in electric vehicles and hybrid vehicles. Currently, Li-ion 

batteries took over 50% of the small portable application market. However, the main 

challenges for large-scale Li-ion battery utilization are the high cost due to the requirements 

of special packaging and internal overcharge protection circuits. These needs are essential 

to ensure the chemical and mechanical long-term reliability of lithium ion battery 

technologies. Moreover, the limited sources for lithium are an important issue for the 

viability of Li-ion batteries [19]-[23]. 

1.2.4.2. Lead-Acid Battery 

Lead-acid batteries are the most developed and mature battery storage technology. 

Lead-acid batteries consist of lead plates, each with an anode and cathode which are 

immersed in a mixture of sulphuric acid and water as an electrolyte. During the charging 

process, the electrodes sit in electrolyte and store the energy. When the battery is 

discharged, the electrodes turn into lead sulphate while the sulphuric acid dissolves and 

becomes mainly water.  

The energy and power capacities of lead-acid batteries depend on the size and 

geometry of the electrodes. The power capacity of lead-acid batteries depends on the 

surface area for each electrode. On the contrary, in order to improve the energy capacity of 
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the battery, the mass of each electrode should be increased. Thus, depending on the 

application, a compromise must be made.  

The success of lead-acid batteries is due to their relatively low cost, fast response, 

and low self-discharge rate. Also, the average efficiency of a storage system is around 85%. 

These attributes made the lead-acid batteries widely utilized for both short-term and long-

term applications, ranging from seconds up to 8 hours. For instance, in grid applications, 

they are deployed for grid services such as frequency regulation and energy management. 

However, compared with other modern battery technologies, the lead-acid batteries suffer 

from low power density. Thus, hybrid utilization of the batteries with high power density 

storage, such as a supercapacitor, for high-power applications is necessary. Moreover, the 

limitation of the lead-acid batteries in fast-charging processes and high sensitivity in 

temperature changes are the other drawbacks of this storage system [24]-[25]. 

1.2.4.3. Nickel Cadmium Batteries  

NiCd batteries are a type of electro-chemical battery using nickel oxide hydroxide 

and metallic cadmium as electrodes. During discharge, the nickel oxide hydroxide mixes 

with water and produces a hydroxide ion and nickel hydroxide. Also, cadmium hydroxide 

is generated at the negative electrode. During the charging process, the reaction is reversed, 

while oxygen and hydrogen are produced at the positive electrode and negative electrode, 

respectively. As a result, some venting and water addition is required [26]-[28].  

Compared to lead-acid batteries, the NiCd battery technologies have higher energy 

density and a wider temperature operating range. Also, the life of these batteries is 

relatively high and they have a charge and discharge cycle durability of up to 2500 cycles. 

At lower depth of discharge rates, NiCd batteries have a much longer cycle life that can 
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reach 50,000 cycles. The NiCd batteries have very fast response times and can operate at 

full power within milliseconds. As a result, they are widely deployed in grid application 

for providing standby power in severe conditions and protecting against voltage sags. 

Moreover, high temperature durability of the NiCd batteries makes them a suitable storage 

system for photovoltaic generation.  

One of the disadvantages of NiCd battery technologies is that the life of the batteries 

can be significantly reduced during rapid charge/discharge cycles when depth of discharge 

is considerable. Moreover their efficiency is relatively low and varies from 60% to 70%. 

Another disadvantage is that the NiCd battery technologies suffer from memory effect and 

also self-discharge in standby. Consequently, they are not likely to be deployed for large-

scale systems and they are not a suitable candidate for load management and peak shaving 

applications [26]-[28]. 

1.2.4.4. Sodium Sulphur batteries 

Sodium Sulphur (NaS) batteries consist of liquid sulfur as the positive electrode 

and liquid sodium as the negative electrode. The electrodes are separated by a solid beta 

alumina ceramic electrolyte that allows only the positive sodium ions to be combined with 

the sulfur and form sodium polysulfides. During discharge, positive Na ions pass through 

the electrolyte and the electrons flow in the external circuit. During charging, this process 

is reversed and the charging causes sodium polysulfides to deliver the positive sodium ions 

back through the electrolyte [29]-[32]. 

One of the main advantages of the NaS battery technologies is their high efficiency, 

which is approximately 89%. Also, the NaS batteries are able to provide power up to five 

times greater than the continuous rating when they are discharged in short large pulses [31]. 
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These characteristics enable the NaS battery to be economically deployed in combined 

power quality and peak shaving applications. The major disadvantage of NaS batteries is 

keeping the system at a high temperature above 500-°F. This is required to retain the 

sodium and the sulphur molten and also to keep the conductivity of the electrolyte. This 

constraint brings several challenges, such as extra energy consumption, thermal 

management and safety issues [15], [29]-[32].  

1.2.5. Flow Batteries 

Flow battery energy storage was deployed specifically to provide storage in the 

MW-scale. The three primary types of flow battery technologies are vanadium redox (VR), 

polysulphide bromide (PSB) and zinc bromine (ZnBr). The operation principle of these 

technologies is similar; two charged electrolytes are pumped to a cell stack to form a 

chemical reaction. This allows the current to be obtained from the device when required.  

Compared to the traditional batteries, flow batteries are able to allow more charge 

utilization with a higher number of discharge cycles and longer unit life. These advantages 

are due to the separation of the chemical components in the flow batteries. The main 

difficulties related to flow batteries are their low energy density and integrated design 

requirements, which has led to low commercial traction especially at sub-MW scale. 

However, recently announced flow battery energy storage projects have potential energy 

capacities of up to 20-MW [3]. 

PSB battery is a fast-response flow battery technology that can react within 20 

milliseconds. Also, the average efficiency of this battery technology is about 75% [16], 

[18]. These attributes enable the PSB battery to be used for many grid energy storage 

applications, including peak shaving, load leveling, and renewable resources integration. 
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One of the disadvantages of this technology is the maintenance required to remove sodium-

sulphate produced during the chemical reactions [16], [18], [33]. 

The VR batteries have the lowest power density compared with other flow battery 

technologies and require more cells to achieve the same power output. However, the net 

efficiency of this battery is relatively high and reaches 85%. Also, this technology has more 

design flexibility in large power applications, specifically in MW power range [16], [18].  

Compared with all flow battery technologies, the ZnBr battery has the highest 

energy density. Although the electrolyte in this technology is not discharged and has 

indefinite life, the membrane degrades slightly during the chemical reaction. Thus, the 

membrane must be replaced at the end of the battery’s life, which is approximately 2,000 

cycles [16], [18], [34].  

1.2.6. Hydrogen Energy Storage 

Hydrogen energy storage systems (HES) are considered as one of the most 

promising storage techniques; however they are still technologically immature and require 

significant advancement to become more economically and technically attractable. 

Hydrogen is the most important component in this technology. The three essential stages 

for hydrogen energy utilization are hydrogen production, hydrogen storage and energy 

generation from the hydrogen.  

Various methods have been studied and developed for hydrogen production. 

Currently, the dominant technologies for hydrogen production are methane steam 

reformation and coal gasification. However, hydrogen production from electrolysis 

through renewable electricity is considered much more clean and efficient [35]. In this 
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method, the water is broken down into hydrogen and oxygen using different electrolyte 

solutions.  

 The two common methods for hydrogen storage are compressed gas storage and 

liquid hydrogen storage. In the compressed gas storage method, the hydrogen is 

compressed via cylinders to use large-capacity tanks. In the second method, the hydrogen 

is cooled and liquefied to increase the density of the storage system. However, the 

liquefaction process requires considerable energy consumption, which increases the system 

cost. Recent advancements have led to a new technique that utilizes metal alloys for these 

hydrogen storage systems [36]. 

There are two methods to generate power from stored hydrogen. Deploying an 

internal combustion engine (ICE) is the simplest method to take mechanical power from 

the hydrogen. On the other hand, a fuel cell (FC) directly converts the stored chemical 

energy into electricity. Compared to ICEs, the FCs are more efficient and reliable as well 

as offer higher overall power density. 

A fuel cell consists of two electrodes that are separated by an electrolyte. At the 

anode electrode, hydrogen is supplied to be oxidized and yield electrons, which passes to 

an external circuit. At the cathode, the electrons are absorbed from the external circuit to 

reduce the oxidant. In addition, the system includes subsystems to manage water, air, 

thermal energy and power.  

Fuel cell systems can be deployed in a wide range of applications, such as large 

buildings, transportation, and the distributed power grid. In large building, the FCs provide 

both power and heat with an efficiency of up to 80%. In transportation systems, the fuel 

cells are utilized as a zero emission high efficiency storage system. The main disadvantage 
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of this technology is the high initial costs of the system since they are still under 

development [16], [18], [37]. 

1.2.7. Supercapacitor 

Supercapacitor technology stores the electrical energy directly between two 

electrodes rather than converting the charge to another form, such as mechanical energy in 

flywheel or chemical energy in batteries. The capacitance and energy density of the 

supercapacitors are thousands of times larger than conventional electrolytic capacitors.  

Also known as double layer capacitors, supercapacitors store energy across the 

double layer formed at the interface between an electronically conducting carbon and the 

electrolyte. In ordered to increase the energy density of the supercapacitors, high surface-

area materials, such as activated carbon, are used, as shown in Figure 1.4. The 

supercapacitor design and modeling are described in [38]-[40]. In order to make the 

analysis traceable, the governing equations presented here take into account a non-faradic 

double layer capacitor and a rough aspect of the electrode/electrolyte interface. Also, it is 

assumed that the capacitor parameters are constant over the voltage and temperature 

window of operation. 

 In the case of uniform electrolyte concentration, the current per cross-sectional area 

in the electrode, denoted by id, and in the ideal electrolyte, denoted by iy, can be expressed 

by (1.3) and (1.4) using Ohm’s law.  

 d
di x

ϕσ ∂
= −

∂
 (1.3)  
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ϕ
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= −
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where, φd and φy are the potential in the electrode and in the electrolyte, respectively. Also, 

σ and κ are the conductivities of the electrode and the electrolyte, respectively. 

 
Figure 1.4: Supercapacitor structure. 

Based on the charge conservation principle, the current density of the cell, I and the 

relation between id and iy can be expressed as: 

 d yI i i= +  (1.5)  

 y
n

d ii ai
x x

∂∂
= − =

∂ ∂
 (1.6)  

where a is the interface area of the electrode and electrolyte and in is the current per 

interfacial area. 

Also, the relationship between in , φd and φy can be found as: 
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In [40], it is shown that the dimensionless imaginary impedance of a supercapacitor, 

Lm* can be found as: 
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where γ is the ratio of the electrolyte and the electrode conductivity (κ /σ) and ω* is the 

dimensionless angular frequency that can be found using (1.9). 

 * 2 ( ) / 2aCLω ω κ σ κσ= +  (1.9)  

Based on (1.9), it can be found that the imaginary impedance of the supercapacitor 

highly depends on the dimensionless angular frequency and the ratio of the electrolyte and 

the electrode conductivity. For a pure capacitor, the cell capacitance is equal to the inverse 

of the frequency times the imaginary component of the frequency response. Thus, the cell 

capacitance can be found as a function of Lm* as:  

 * ( )
C

Lm L
κσ

ω κ σ
=

+
 (1.10)  

The supercapacitor model can be used to plot the effective capacitance of the 

supercapacitor cell under different working frequencies and different electrode thicknesses. 

The result is plotted in Figure 1.5. As the result shows, at low frequencies, the capacitance 

increases as the thickness increases. On the contrary, at high frequencies, the thinner 

electrodes result in a higher capacitance. Also, increasing γ (decreasing σ) increases the 

effective capacitance of the cell since the current distribution will be more uniform. 
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Figure 1.5: Effective capacitance of supercapacitor as a function of frequency [40]. 

There are two types of electrolytes utilized for supercapacitor technologies: organic 

and aqueous. Aqueous electrolytes are stable to 0.9-V, while the organic electrolytes are 

stable to 2.7-V. As a result, organic electrolyte capacitors offer a much higher energy 

density than the aqueous capacitors due to a higher cell voltage. However, they are more 

expensive.  

Since the supercapacitor technology directly stores electrical energy, the charging 

and discharging process is very fast and efficient. Typical efficiency of supercapacitor 

systems is around 95% and they also have a long lifetime that can reach 200,000 cycles. 

On the contrary, the energy density of the supercapacitors is very low. As a result, a hybrid 

combination of supercapacitors with a higher energy density storage device, such as 

battery, offers a very useful solution for numerous applications, from large-scale grid 

applications to electric vehicles and portable devices [41]-[46]. This is discussed 

thoroughly in section 2.  
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1.2.8. Superconductive Magnetic Energy Storage (SMES) 

One of the new storage technologies in the demonstration/applied research phase is 

the SMES. This system stores electric energy in the form of a magnetic field in a 

superconducting coil. The superconducting coil stores the energy by the flow of a direct 

current based on (1.11).  

 21
2

E Li=  (1.11)  

 
Figure 1.6: Schematic of a SMES system.  

where L is the coil inductance which depends on the size and geometry of the coil as well 

as the cross-sectional area of the wire.  

A typical SMES system structure is shown in Figure 1.6. As can be seen, the system 

includes a superconducting coil, a refrigerator and a power conditioning system. The 

superconducting material utilized in a SMES system enhances the storage capacity since 

currents pass with almost no resistance. However, in order to maintain the coil in the 

superconducting state, it needs to be cryogenically cooled at a very low temperature. The 

low‐temperature superconductor, niobium–titanium (NbTi), typically is utilized in SMES 

system due to its ductile nature, which makes it possible to produce the fine filamentary 

structure. This characteristic enables the conductor to endure the alternating stress 
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conditions produced in a pulsed magnet winding [47]-[49]. In the case of the NbTi 

conducting wire, the coolant can be liquid helium at 4.2 K, or super fluid helium at 1.8 K.  

Recent advances in superconducting materials and cryogenic systems have made 

the SMES a feasible and attractive solution for many applications. Depending on the 

superconducting coil and the power conditioning system, the SMES can respond very 

quickly (within a millisecond) and for power ratings up to several megawatts. The SMES 

technologies also have a high power density and long cyclic life. However, the energy 

density of the system is relatively low and its cost is high. Currently, the SMES system is 

utilized in shipboard power systems, industrial power quality applications and for 

supplying short bursts of electricity in power grids [50]-[54].  

1.2.9. Comparison of energy storage technologies 

The energy storage technologies explained in this section are compared in Table 

1.1 in terms of power, energy and cost. Also, Table 1.2 summarizes the overall 

performances of these storage technologies in terms of discharge time, self-discharge, 

efficiency, cycle life and life time.  

1.3. Energy Storage Applications 

Energy storage devises are widely utilized for various applications to improve the 

performance of the system. This section presents the application of these storage devices 

in the power grid, transportation systems, critical loads as well as pulse loads. 

Table 1.1: Power and energy comparison of the storage technologies [55]-[59]. 

 
Energy 
density 

(Wh/kg) 

Energy 
capital cost 

($/kWh) 

Power 
capital cost 

($/kW) 

Power 
rating 

PHES 0.5 – 1.5 5 – 100 600 – 2000 100 – 
5000MW 
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CAES 30 – 60 2 – 50 400 – 800 5 – 300MW 

Flywheel 10 – 30 1000 – 5000 250 – 350 < 250 kW 

Li – ion 100 – 150 600 – 2500 1200 – 4000 < 100 kW 

Lead – acid 30 – 50 200 – 400 300 – 600 < 20 MW 

NiCd 50 – 75 800 – 1500 500 – 1500 < 40 MW 

NaS 150 – 240 300 – 500 1000 – 3000 < 10 MW 

VR 25 – 45 150 – 1000 1000 < 10 MW 

PSB 75 – 85 750 2000 1 – 15 MW 

ZnBr 0.5 – 5 500 2000 < 2MW 

HES 1000+ 1000+ 10 – 50 < 8 MW 

Supercapacitor 0.05 – 5 300 – 2000 100 – 300 < 200 kW 

SMES 0.5 – 5 1000 – 
10,000 200 – 400 100 kW – 

10MW 
 

1.3.1. Power Grid 

The aim of this section is to explain the most significant applications of power 

storage technologies for a power grid with a considerable penetration of renewable energy. 

1.3.1.1. Load Management 

Energy storage systems can be utilized for grid load management in two different 

aspects: load leveling and load following. 

 

 

Table 1.2: Performance comparison of the storage technologies [55]-[59]. 

 Discharge 
time 

Self-
discharge 

(% per day) 

Efficiency 
(%) 

Cycle life 
(cycles) 

Life 
time 

(years) 

PHES 1–24h + very small 70–85 12,000–
35,000 40–60 
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CAES 1–24h + small 70–80 9000–
20,000 20–40 

Flywheel < 15 minutes 100% 85 20000+ 10–15 

Li-ion seconds–hours 0.1–0.3% 90–100 1000–
10,000 5–15 

Lead-acid minutes–hours 0.1–0.3% 85 500–1500 5–15 

NiCd minutes–hours 0.2–0.6 60–70 2000–2500 10–20 

NaS minutes–hours 20% 75–90 2500 10–15 

VR minutes–hours small 70–90 10,000 5–10 

PSB minutes–hours small 75 2000 10–15 

ZnBr minutes–hours small 75–80 2000 5–10 

HES seconds–24h + very small 35–40 1000+ 10–15 

Supercapacitor seconds–
minutes 20–40% 90–98 100,000+ 10–20 

SMES seconds 10–15% 95–98 100,000+ 20+ 

 

Load leveling is an operation scheme that stores cheap energy during off-peak 

hours and subsequently allows it to supply it back to the grid during times of high electricity 

demand. Thus, the overall power generation requirements become flatter and utilization of 

efficient and cheaper base load generation can be effectively maximized. Figure 1.7 shows 

the utilization of energy storage devices for load leveling applications. Load leveling is a 

long-term power application and requires storage systems with the power capabilities 

ranging from 1 MW to 100+ MW to operate within the time frame of 1-10 h. As a result, 

PHES, CAES, HES, flow batteries and other high-capacity electrochemical battery 

storages, such as lead-acid and NaS, can be utilized for this application [6], [60]-[61]. 



23 
 

 
Figure 1.7: Utilization of energy storage devices for load leveling.  

Also, the energy storage system can be utilized to provide load following energy 

service so that the generation plant output does not change with the load variation. With 

this service, the storages act as a source when power required is more than production 

levels and perform as a sink when there is power surplus. As a result, the efficiency of the 

power system can be improved and the greenhouse gas emissions can be considerably 

reduced. To provide the load following service, the storage devices should deliver electrical 

power in a time frame of several minutes to an hour. As a result, HES, electrochemical and 

flow battery storage devices are suitable for this application [56], [62]. 

In addition to the load leveling and the load following services, load management 

can be performed for financial purposes. Energy arbitrage is a bulk load management 

service that involves the purchase of inexpensive electricity when its cost is low, to charge 

the storage plant, so that the energy can be sold when the price and the demand are high. 

Similar to load leveling service, PHES, CAES, HES, flow batteries and high capacity 

electrochemical battery storages are suitable for this application [16], [18], [31], [56]. 
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1.3.1.2. Frequency Regulation  

Frequency regulation is one of the important grid ancillary services that balances 

between generation and load to maintain a 60 Hz frequency. High-power energy storage 

systems are a very suitable alternative to provide spinning reserve for frequency regulation 

services since their response times are very fast and they have a very high efficiency when 

compared to traditional storage devices, such as PHES and CAES systems. New policies 

on the adoption of energy storage systems made them already near commercial viability in 

enhancing frequency regulation techniques [9]. For instance, combined large flywheel 

installations and power monitoring software are very useful for this service [10], [11], [63]. 

Moreover, the studies on the utilization of other high-power energy storage technologies 

have shown that most batteries and other short-time scale storage technologies, such as the 

supercapacitor and SMES, are well suited for the frequency control, especially the primary 

control [19],[20], [64]-[66]. 

1.3.1.3. Voltage Control 

Voltage control is the use of grid equipment to maintain voltages on the 

transmission system within required limits by injecting or absorbing reactive power [67]-

[68]. Energy storage devices with the appropriate power converter systems can perform as 

a dynamic reactive power supply for voltage support. In this application, batteries and other 

high-power energy storage technologies are well suited as they can respond immediately 

to the voltage variations [12], [50], [69]-[72]. For this purpose, the four quadrant power 

converters enable the storage devices to continuously provide reactive power at grid 

frequency, with minimum impact on the real energy being stored [73]-[74]. 



25 
 

1.3.1.4. Oscillation Damping 

In stable grids without disturbances, the relative rotor angular positions of 

synchronous machines remain constant. However, power variations in renewable resources 

or loss of a major transmission line can cause considerable power oscillation in an 

interconnected grid system. This can result in a rotor angular instability and an undamped 

electromechanical oscillations of the synchronous generator. Such oscillations across a 

weak transmission link may separate a number of generators and can result in partial or 

total power interruption if not properly mitigated [75]-[77].  

This kind of disturbance can be effectively mitigated by injecting or absorbing real 

oscillatory power at frequencies of 0.5 to 1 Hz, opposing the disturbance. Using generation 

plants with fast relief valves is a typical solution to damp such an oscillation. Advances in 

both high-power energy storage devices and power electronic interfaces have made them 

into viable technologies for this application. The storage system must detect the disturbance 

and respond within 20 milliseconds at full power and inject or absorb oscillatory power for 

up to 20 cycles. As a result, SMES and other high-power storage technologies, including 

supercapacitors, flywheels and high power batteries, are suitable for this application [51]-

[54], [78]-[80]. 

1.3.1.5. Voltage Ride Through 

With the increasing penetration of renewable power plants, many countries have 

enforced stringent technical requirements for plants to maintain the grid stability during 

grid disturbances. Modern grid codes that have been recently developed require the large 

wind farm to not only withstand various grid faults, but also contribute to the network 

stability and support the grid similarly to conventional generation units. Such requirements 
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are referred to as voltage ride through (VRT) capability [81]-[84]. During a major fault in 

the AC grid, the voltage collapses at the point of common coupling of the plant and the 

grid. As a result, the power that can be transferred from the DC link of the plant to the AC 

side will be highly limited. In this case, the trapped energy in the DC side can cause severe 

overvoltage in the bus capacitor and voltage stress on the converter. In order to bypass the 

excess power and maintain the voltage of the DC link, rapid response energy storage 

devices, such as flywheel and supercapacitor, are utilized. This also enables the power plant 

to ride through the fault uninterrupted and support the grid by injecting reactive power [14], 

[15], [85]-[87]. 

 

1.3.2. Transportation Systems 

Transportation systems typically utilize high-energy storage devices with a long 

discharge time to maximize the overall system efficiency and to minimize the system cost, 

weight and volume simultaneously. The most commonly utilized battery technologies for 

transportation systems include lithium-ion and nickel-based batteries [21]-[23]. Other 

technologies being explored include the internal combustion hydrogen engine, fuel cell and 

other battery-type energy storage systems [23], [88], [89]. For this application, high-power 

storage devices, such as supercapacitors and flywheels, are of significant interest to provide 

short, rapid discharges during starting and acceleration periods. The high-power storage 

technologies are deployed as a rapid response buffer between the electric drive system and 

the primary storage device to improve the performance of the system in terms of cost, 

system life and overall efficiency [90]-[95]. Besides the transportation system, there are 

many industrial and railway vehicles and aircraft applications where the concept of high-
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power storage hybridization can be utilized with similar improvements and advantages 

being discussed [96]-[98]. 

1.3.3. Critical Loads 

Many commercial, public and even residential end-users require a highly reliable 

power supply to reduce the effects associated with outages and poor power quality. In 

general, this requirement is fulfilled by uninterruptible power supplies (UPSs). The UPS 

system usually utilizes an energy storage device shunt connected to an intermediate DC-

link. For these applications, the lead acid battery has been the predominant storage system. 

However, most power failures and disturbances are very short (less than one second); 

therefore, the use of battery banks in these applications requires oversized banks and 

paying an extra cost for unusable energy reserve. Also, telecommunication centers and 

many safety and public health facilities are required to have standby gensets. For this 

application, short-duration energy storage can be adapted to mitigate brief power 

disturbances and provide a bridge to startup and synchronize standby gensets for long-term 

supply. 

As a short-time, high-power UPS, flywheel energy storage systems can be utilized 

for immediate power availability to a critical load during power disturbances, such as an 

outage, dips or surges in voltage and/or current. Compared to batteries, the flywheel UPSs 

have lower operating costs, due to lower maintenance and replacement costs, more space 

savings, due to a high-power density of the storage, and higher yearly energy efficiency 

improvement. Moreover, the flywheel technology is environmentally friendly and has a 

broad operating temperature range up to 100° F [99]-[102].  
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Since supercapacitors have a high power and low energy density, it is well suited 

for a system that suffers from short-duration grid faults. Also, it can be employed as a 

bridging power supply to a more permanent backup energy source, such as a genset or fuel 

cell. Typical supercapacitor UPS sizes can range from 20KW to MW with modular solution 

systems. In addition to having a lower cost, the supercapacitor UPS offers very low 

maintenance and standby power costs [103]-[106]. 

1.3.4. Pulse Loads 

Utilization of high-power energy storage is significantly important in 

telecommunications, shipboard and spacecraft power systems. In these applications, there 

are various types of loads with a common profile that have a high instantaneous power 

requirement but a relatively low average power requirement. Such a current behavior is 

collectively referred to as a pulsed load. The duration of such a load typically ranges from 

hundreds of milliseconds to seconds, with power levels that depend on the applications 

[45], [46], [107], [108].  

In the case of a single energy source, the high instantaneous power requirements of 

a pulse load can cause considerable power disturbances and thermal issues. The possibility 

of introducing a high-power storage system, such as a supercapacitor and flywheel, with 

appropriate power electronic infrastructure and control strategies, will highly improve the 

performance of the system. In this case, the long-time primary energy source only supplies 

the average pulse load requirements while a high-power energy storage supplies the 

dynamic power requirements. As a result, the system configuration will have several 

advantages, including less weight and volume of the system and elimination of thermal 

issues, frequency fluctuation and voltage disturbances [109]-[114]. 
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1.4. Hybrid Energy Power System 

As discussed in section 1.3, most of the renewable energy resources have 

intermittent characteristics, and their output fluctuates on a daily and seasonal basis. 

Therefore, storage facilities play an important role in safeguarding against disruptions in 

delivery and supply. Moreover, each energy storage technology has a different energy-

power characteristic. For instance, PHES and hydrogen storage have a high energy 

capacity, but their energy density and response time is relatively low and cannot be utilized 

for fast load transients or power quality applications. As a result, hybrid combinations of 

two or more power generation technologies, along with storage devices, can significantly 

improve the system’s performances. For example, a fuel cell combined with a micro-

turbine system can better utilize the stored energy in the fuel to achieve a higher overall 

system efficiency than either source can possibly achieve [115]-[118].  

In a hybrid power system, all energy resources are converted into electricity to 

supply different types of loads while the energy can be stored into mechanical, chemical, 

thermal or electromagnetic form. In order to achieve full benefit from the system, 

appropriate coordination and output power control of various sources in a hybrid system 

are essential. Also, for proper power dispatch of the energy sources, each energy source 

should be appropriately sized and controlled. This will allow the system to be sustainable 

to the maximum extent possible and minimize the energy production cost, while reducing 

greenhouse gas emissions.  

In this section, the possible hybrid configurations of the power system for 

connection of two or more energy sources are discussed. Then, the energy management 

and control schemes for a hybrid power system are presented. 
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1.4.1. Hybrid Power System Configuration  

Since energy sources in a hybrid power system have different characteristics, it is 

essential to properly standardize the hybridization framework and procedure. The hybrid 

power system can be connected in a microgrid, where local and distributed sources and 

loads are connected together with autonomous operating capabilities. In order to improve 

the robustness of the microgrid, the plug-and-play operation capability also can be added 

to the system. The concept of the plug-and-play capability is to add or disconnect any grid 

components, namely generating power or load, into an existing system without requiring 

system reconfiguration [119]-[122].  

There are many methods to connect energy sources to form a hybrid power system. 

These methods differ in their configuration scheme, and the types and the number of power 

converters. The system configuration can be generally classified into AC-coupled, DC-

coupled, hybrid AC/DC, and high-frequency AC hybrid configurations [45], [111], [118], 

[123]-[128]. The general review of these configurations is presented here.  

 

1.4.1.1. AC-Coupled Hybrid Power System 

Figure 1.8 shows an AC-coupled hybrid power system, which is the most 

commonly used hybrid configuration. In this scheme, the AC sources and the power grid 

are directly connected to a common AC bus. Also, the DC sources and energy storage 

system are connected to the common coupling AC bus through a DC/AC converter. In the 

case of a storage system, the converter should have the bidirectional power flow capability 

to enable the charging and discharging of the storage device.  
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Figure 1.8: Schematic diagram of AC-coupled hybrid power system. 

1.4.1.2. DC-Coupled Hybrid Power System  

The schematic diagram of a DC-coupled hybrid power system is shown in Figure 

1.9. In this configuration, different energy sources are integrated to a common DC bus 

through power electronic interfaces. In this schematic, it is assumed that the DC energy 

source(s) have proper power regulation capabilities. Otherwise, installation of a DC/DC 

converter is necessary. The DC load can be directly connected to the common coupling DC 

bus or it can be interfaced through a DC/DC power converter if the operating voltage of 

the load differs from the microgrid voltage. The AC load is also connected to the DC bus 

via a DC/AC converter, which is commonly regulated via a voltage control scheme. In 

order to enable power flow between the DC bus and the AC power grid, a bidirectional 

DC/AC power converter is required. This converter can be regulated based on a DQ control 

scheme to achieve independent active and reactive power flow control [45], [111], [125]. 
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Figure 1.9: Schematic diagram of DC-coupled hybrid power system. 

The DC-coupled hybrid power system has several advantages. This configuration 

is simple since different energy sources can be connected to the system without 

synchronization. Moreover, since most renewable energy sources and energy storage 

devices, as well as many loads are operating with DC power, their integration to the 

microgrid can be achieved with fewer power electronic converters. As a result, the overall 

efficiency of the system is improved, and the total cost of the system will be reduced. 

However, failure of the grid connected DC/AC converter is problematic, since the whole 

system will not be able to receive power from the AC grid or supply it. To solve this issue, 

multiple inverters can be connected in parallel with a lower power rating. This requires a 

power sharing scheme between the converters and power converter synchronization, which 

increase the cost and complexity of the system [118], [124].  

1.4.1.3. Hybrid AC/DC Power System 

Figure 1.10 shows a hybrid AC/DC power system. As can be seen, in this 

configuration, the energy resources and loads are connected to either the DC or AC bus of 

the hybrid system rather than a single DC or AC bus. The hybrid AC/DC configuration 

will enable the DC energy sources to be integrated directly to the common DC bus, without 
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extra power electronic interfaces. The energy sources mainly supply the DC loads, and the 

extra power is transferred to the AC bus and the power grid. Similarly, the AC sources and 

the AC loads are connected to the AC bus with a minimum number of converters. As a 

result, the system’s efficiency is improved and its cost is minimized. However, control and 

energy management of this subsystem might be more complicated than for the DC-coupled 

or the AC-coupled hybrid power system [125]-[126]. 

 
Figure 1.10: Schematic diagram of hybrid AC/DC power system. 

1.4.1.4. High-Frequency AC Hybrid Power System 

Figure 1.11 shows the schematic diagram of a high-frequency AC (HFAC) hybrid 

power system. In this configuration, both HFAC power and DC power are provided 

through a number of power electronic converters. The HFAC power systems deliver 

electrical power at frequencies greater than 60 Hz. Research on the HFAC system has 

shown many potential benefits, compared with the grid frequency AC system, in terms of 

ease of electrical isolation using compact, high-frequency transformers and flexibility to 

meet loads demand at different voltage levels. Moreover, high-frequency operation can 

improve the dynamic response of the system, and reduce or eliminate current harmonics 



34 
 

that are at higher frequency ranges. The HFAC can also result in considerable savings in 

the number of converter components and the system cost.  

 
Figure 1.11: Schematic diagram of high-frequency AC hybrid power system. 

Significant studies have been done for the grid-connected HFAC hybrid power 

system to improve the performance of this system and make this configuration more 

economically attractive. Currently, the standalone HFAC hybrid power system has been 

utilized in applications, such as ship power systems, airplanes and space station 

applications [127]-[130].  

1.4.2. Real-time Control of Hybrid Power System 

Real-time control and energy management of a hybrid power system are very 

important since the number of power components is usually high and there are multiple 

parameters that need to be satisfied. Generally, the real-time control system should keep 

the voltage level and frequency of the grid within a predetermined limit while it realizes 

the desired active and reactive power of each power unit. Control structure of such a system 

based on the coordination method of the power unit can be classified to centralized, 

distributed, and hybrid control schemes. In this section, these methods are explained, and 

their advantages and limitations are discussed. 
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1.4.2.1. Centralized Control Scheme 

The centralized control scheme is a hierarchical control wherein the information 

becomes more centralized the more the control system proceeds up the command levels. 

Figure 1.12 shows the general structure of a centralized control scheme. As can be seen, 

the measurement signals and equipment status of all power units are sent to a centralized 

controller to make decisions.  

The centralized controller, as a supervisory controller, uses all measured signals, a 

set of power unit constraints, and objectives to make decisions based on a predefined 

energy management algorithm and power units prioritizes. The centralized controller may 

also need to use state estimation to estimate network power flow and voltage profiles before 

power dispatching. In addition to power and voltage control, the centralized controller may 

have other objectives, such as maximizing system efficiency, minimizing system operation 

and maintenance costs, as well as reducing the environmental impact. In such a system, 

multi-objective optimization is required, however, it may not lead to a single solution. As 

a result, a complete non-dominated or Pareto set solution should be found to represent 

potential compromise of the alternative solutions among the objectives [118], [131]-[132]. 
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Figure 1.12: Centralized control structure. 

The centralized control approach is a typical solution for many automated industrial 

plants. The main advantage of this control structure is that the system can more accurately 

reach its optimum operation since the decision is made by only the supervisory control. 

However, the transferred data is complex, and the computational burden of the centralized 

controller is very heavy. As a result, the system requires significant investment in its 

communication network and the controller processor, especially for large hybrid power 

systems. Moreover, in a case that the centralized controller is out-of-service, the whole 

system will fail. 

1.4.2.2. Distributed Control 

Recent advances in communication technology and distributed generation have 

created opportunities for distributed control schemes and the development of intelligent 

agents. This control scheme is a flat control architecture that distributes the data within the 
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units rather than sending all data to just a single supervisory controller. Figure 1.13 shows 

the schematic diagram of a fully distributed control system. As can be seen, the 

measurement signals of each energy source is sent to their corresponding local controller, 

while each control unit communicates with one another to make compromised operating 

decisions [132]-[134]. 

 

Figure 1.13: Distributed control structure. 

In a distributed control structure, the computational burden across the system’s 

controller is significantly reduced since there is no central controller. Also, this control 

scheme has a plug-and-play capability, which makes the system easily reconfigurable in 

cases when a control unit fails. Significant research has been done towards the applications 

of distributed control in power system. The main issue for utilization of this controller is 

the intelligent operation of the local controller; the controller needs to make a decision 

based on the exchanged information with their neighbors to reach a stable condition very 

fast, while the operation point is optimized. This requires an intelligent operation, and 

accurate design of local controllers and the data networks [118], [131]-[132]. 
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Figure 1.14: Distributed-centralized hybrid control structure. 

1.4.2.3. Distributed-Centralized Hybrid Control 

The distributed-centralized hybrid control scheme is a more practical structure, 

which utilizes both the hierarchical and flat control architecture. Figure 1.14 shows an 

example of this control structure. In this approach, a centralized controller is applied for 

the control of the distributed energy resources within a microgrid while distributed control 

is utilized to a set of centralized controllers. This method reduces the computational burden 

on the centralized controller and minimizes the risk of problems that may occur due to 

failure of the centralized controller. With the distributed-centralized hybrid structure, the 

centralized controller is utilized to optimize the operation of the energy resources, while 

global coordination among the different distributed generation resources is achieved 

through distributed control [118], [131]-[132]. 

1.5. Problem Statement 

As discussed in previous sections, energy storage systems are of significant 

importance in advanced power systems for the purpose of meeting peak demands and for 

the improvement of power reliability and efficiency. Battery energy storages have been 
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utilized for many years for different applications. However, the battery-based energy 

storage systems come with several challenges. Batteries are not able to handle the dynamic 

peak power demands efficiently and may result in a reduced life span. A typical solution 

to this problem is to increase the size of the battery bank. However, this could cause an 

increase in total cost, thermal issues and imbalances across battery cells. Compared to 

batteries, ultracapacitors have a lower energy density, but their power density is very high. 

Also, the transient response of ultracapacitors is very fast, their charging cycles are over 

100K cycles, and they offer very high efficiency even during very fast charge and discharge 

situations. This dissertation proposes utilization of a battery-ultracapacitor hybrid storage 

system, as a storage device with high power and energy capability, to improve the overall 

performance of the system.  

Hybrid energy storage can provide viable solutions for increased efficiency, 

improved power quality and reliability issues in AC/DC power systems, including power 

grids with considerable penetration of renewable energy. It is also very practical for 

shipboard power systems, aircraft powertrains, electric vehicles, and hybrid electric 

vehicles. However, there are many issues with the hybrid energy storage implementation. 

A power system with hybrid energy storage should be designed and controlled properly to 

maintain the balance between the state of charge of the battery storage and ultracapacitor, 

while minimizing the system’s power losses. Moreover, depending on the application and 

the required power of the system, the storage devices should be sized so that the total cost 

and the energy consumption of the system are reduced. Currently, issues related to the 

hybrid DC power system, such as system configuration, energy management and real-time 
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control, as well as the system efficiency for different loading schemes, are still an open 

problem. 

The importance of the DC power system is not only because of the fact that most 

of the renewable energy sources, such as solar energy and fuel cells, have a DC output, but 

also because implementations of energy storage systems are easier and more efficient in 

DC power systems. Moreover, the recent advancement of power electronic converters has 

made power regulation in DC architectures more efficient and effective. This dissertation 

is aimed at developing and verifying new techniques for hybrid DC power system design 

and its real-time control to provide a power system with self-diagnosing, self-healing, and 

self-reconfiguring capabilities. 

A power system with self-diagnosing and self-healing capabilities is able to prevent 

unplanned outages and abnormalities through better prediction, analysis and control. Such 

a system should have an accurate fault detection capability to prevent spreading of the 

disturbances to other healthy parts of the power system. The self-reconfiguring capability 

of the system also requires a proper design and coordination of the switching devices to 

enable fast transition from fault condition to a new safe operation.  

One of the important aspects of dynamic and transient study in power system is the 

modeling of components, such as power resources, energy storage devices, power 

converters, cables and loads. Since testing various techniques in an actual power system is 

cost prohibitive, utilization of a virtual test-bed with a high level of precision is very useful. 

The virtual test-bed model can be used for various studies, such as power system design, 

control and energy management, system optimization and protection scheme evaluation. 
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1.6. Research Objective 

The hybrid energy storage system is an effective solution to provide a reliable 

power with high efficiency in various power systems, such as those in transportation, 

shipboard and spacecraft, as well as distribution systems involving sustainable energy 

sources. For these applications, the supercapacitor as a high-power buffer device, in 

combination with conventional electrochemical batteries, can play a significant role in 

improvements of the power system efficiency, power quality and reliability. This 

dissertation involves the development and experimental validation of various techniques 

for hybrid energy storage utilization and its real-time control and energy management to 

enhance the performance of the system. 

The main research objectives and contributions of this dissertation can be 

summarized as follows: 

• To accurately design, model and implement a hybrid DC power system 

incorporating different energy storage technologies and various loading scheme at 

the Energy Systems Research Laboratory, Florida International University. The 

hybrid DC power system is a hardware/software-based setup with power 

generation and storage capability in a laboratory scale of up to 10-kW. This 

platform is actively connected to a previously implemented 72-kW smart grid test-

bed [135]-[136]. The developed system includes implementations of control 

strategies with monitoring capability for all parameters of the interconnected 

components. Also, implementation of a real-time data analysis system, as a 

powerful tool, enables the investigation of many challenging aspects of a hybrid 

power system, which includes system efficiency, voltage profile, current 
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harmonics, power fluctuation and frequency variation, as well as system 

reliability.  

• To develop and experimentally evaluate an advanced energy control technique to 

reduce the adverse effects of pulsed power loads on the power system. The 

developed method should be able to properly coordinate power sharing between 

different energy sources and the available energy storage devices based on their 

inherent characteristics. Characteristics that should be considered are power-

energy capabilities, maximum current limitation, operating voltage threshold, 

power loss, thermal limitation and cyclic life time, as well as energy cost of the 

energy devices. Also, the adverse effects of the pulse load that need to be fully 

mitigated are voltage drop of the DC bus, power pulsation of the energy devices, 

frequency fluctuation of the interconnected AC bus and instability of the hybrid 

power system.  

• To develop and experimentally evaluate an intelligent energy management system 

to ensure continuous operation of the hybrid power system under different grid 

and loading conditions. The energy management algorithm should set the current 

or the voltage reference of each energy device based on the availability of the 

energy devices and the required power of the grid. The energy management system 

should properly add self-reconfiguration capabilities to the system so that 

disconnection or failure of a grid component does not cause disconnection of the 

other healthy parts of the power system. Moreover, the energy management 

system, in coordination with the energy control scheme, should be able to 
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effectively supply a dynamic load with a large startup current while the energy 

capacity and the cost of the system are minimized.  

• To design and implement different AC and DC filters in the system to improve the 

power quality of the AC and DC power system so that the current harmonics of 

the AC system are minimized and the performance of the DC power system, in 

terms of control capability and voltage ripple, is improved. The power quality 

improvement of the system not only needs well-designed AC and DC filters, but 

also requires appropriate implementation of the galvanic transformers and 

utilization of proper power converter switching patterns.  

• To accurately model different components of the hybrid power system and 

implement a virtual test-bed model of this system for dynamic and transient study. 

The developed virtual test-bed should accurately model the implemented energy 

storage devices, i.e. batteries and supercapacitor, for very fast charge and 

discharge processes. Also, power electronic converters, involved in the actual 

hybrid power system, should be accurately implemented in the virtual test bed 

system. The power converters include boost and bi-directional converters needed 

for DC power regulation, and the controlled and uncontrolled rectifiers needed to 

link the DC microgrid to the main AC grid. The virtual test-bed should also 

accurately model the switching devices, such as circuit breakers and disconnecting 

switches, while their switching time must be set based on their technology and 

speed of the contactors. The developed model needs to be evaluated using the 

experimental test results under both normal operation and transient fault 

conditions. The virtual test-bed system can be effectively utilized for hybrid power 



44 
 

system optimization purposes, such as system performance enhancement, 

optimization of the controller parameters and the size and cost minimization of the 

storage devices.  

• To develop a protection scheme for a hybrid DC power system that is fast, accurate 

and reliable. The developed protection scheme should be able to identify the type 

of fault using a fast fault current signal processing technique so that the maximum 

fault current is effectively limited and the transition time to a new safe operation 

is minimized. For this purpose, the protection relays need to be accurately set and 

well-coordinated to prevent malfunction. Proper design of the hybrid DC power 

system, including the implementation of the disconnecting switches and circuit 

breakers, is also very important to add self- reconfiguration and self-healing 

capabilities to the grid. Another design aspect of the protection system is accurate 

setting of the protection relay that requires a detailed fault current analysis based 

on analytical calculation. These analyses can be used as a powerful tool for 

protection relays setting calculation, and to identify the maximum and minimum 

of a fault current when it occurs in different zones of the hybrid power system.  

1.7. Original Contributions of the Dissertation 

In order to verify the contributions of this dissertation, a laboratory-scale 

hardware/software-based hybrid DC power system is developed. This research platform 

has a power generation and storage capability that is able to supply the loads with power 

up to 10-kW in a steady state condition and 18-kW in transient conditions. The 

implemented hybrid power system utilizes a 5.8-F supercapacitor, which adds a very fast 
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response and short time storage capability to the system. All the power electronic 

converters, energy storage devices, programmable loads and main energy resources are 

completely reconfigurable for different research scenarios. The developed platform has a 

real-time control and monitoring system to fully analyze the power grid and its components 

for various studies, such as efficiency, voltage profile, current harmonics, power 

fluctuation and frequency variation, as well as system reliability. Also, this power system 

is actively connected to the previously developed 72-kW smart grid test-bed to realize the 

interaction of the hybrid DC power system and the AC grid in various grid configurations 

and loading conditions. 

In the past decade, researchers were reconsidering hybrid DC microgrids and DC 

distribution power systems due to their multiple advantages. In this dissertation, different 

aspects involved in the design, control and operation of a hybrid power system that 

incorporates a supercapacitor and pulse loads are investigated. An analog voltage 

measurement system with a common mode rejection capability is developed to monitor the 

supercapacitor bank with a high level of accuracy and noise rejection capability. Also, the 

design requirements of the hybrid DC power system used to prevent DC current circulation 

to the interconnected AC grid are fully examined and experimentally evaluated. This study 

also included the challenges of the filter design and switching patterns of the converters to 

reduce both the even and the odd-order harmonics.  

In this dissertation, two protection systems for safe operation of the supercapacitor 

bank are developed; digital voltage protection and analog hysteresis voltage protection. 

The digital protection is embedded to the converter controller and monitors the entire 

supercapacitor bank. Also, the analog hysteresis protection is designed to monitor the 
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supercapacitor arrays. If the voltage of any of the supercapacitor arrays exceeds the preset 

limit, the analog control circuit will open the charging path of the supercapacitor bank. 

This will ensure that uneven charge distribution, especially during very fast charges, does 

not cause the supercapacitor to exceed its maximum voltage. Both protection systems are 

experimentally evaluated and their high accuracy is verified.  

Extensive research has been done on an actively controlled hybrid DC system in 

which the energy delivered to the supercapacitor and the pulse load is controlled via power 

electronic converters. In most of these studies, the supercapacitor and the pulse load are 

connected to a grid through a single DC/AC or DC/DC converter. The advantage of these 

configurations is the ease of converter control and energy management. However, the 

system redundancy of these configurations is low, i.e. a fault in the bus connecting 

converter will cause the outage of the supercapacitor and the pulse load. In this dissertation, 

a new configuration for a direct connection of supercapacitor and pulse load to a DC bus 

has been proposed. The developed configuration not only improves the redundancy of the 

system, but also reduces the system cost and the power losses. Moreover, in addition to 

supplying the pulse load, the proposed configuration enables the supercapacitor to support 

the grid during the transient startup of the dynamic loads with large startup current. 

In the case of heavy pulse loads or loads with a large startup current, energy 

management of the hybrid power systems is a fundamental concern. Such a high, short-

time current behavior not only requires a higher rating of the power components, but also 

can potentially cause the system voltage and frequency to drop in the entire microgrid since 

there is no infinite bus in the system. To reduce the adverse effects of the pulse load, a 

novel, real-time energy management system is developed in this dissertation. The 
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developed energy management system utilizes an adaptive energy calculator based on the 

moving average measurement technique. The performance of this development is 

experimentally compared with other approaches suggested in the literature. The results 

proved that the developed energy management system with adaptive energy calculation 

capability properly shares the power, and controls the bus voltage while the adverse effects 

of the pulse load, such as power pulsation, frequency fluctuation and AC voltage drop, are 

highly reduced. 

Grid connected DC microgrid power systems with hybrid energy resources are of 

significant interest in many applications. Multiple sources and reconfiguration 

characteristics of the hybrid DC microgrid highly improve the efficiency and reliability of 

the system. However, existence of the pulsed loads not only causes thermal and stability 

issues on the DC microgrid, but also leads to additional disruptive impacts in the 

interconnected AC grid. In this dissertation, a novel, three-layer control scheme is 

developed to actively control a hybrid DC microgrid that is connected to a main AC grid. 

The developed control structure utilizes an adaptive current-voltage energy control system. 

Unlike conventional energy control methods, the developed adaptive current-voltage 

energy control approach has the advantage of controlling both the voltage and the current 

of the system while keeping the output current of the power converter at a relatively 

constant value. Using experimental test results, it is shown that the developed strategy 

highly improves the dynamic performance of the hybrid DC microgrid. Although the 

adaptive current-voltage energy control technique causes slightly more bus voltage 

variation, it effectively eliminates the high current and power pulsation of the power 
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converters. The experimental test results for different pulse duty ratios are analyzed in 

terms of system efficiency, AC grid voltage drop and the frequency fluctuations. 

A reliable hybrid DC power system with a self-diagnosing and self-reconfiguring 

capability is in high demand for many applications. However, protection of such a system 

against short circuit faults, especially in multi-source distribution systems and multi-

terminal DC lines, is problematic. In this dissertation, a new protection scheme for a multi-

terminal DC power system is developed. This protection scheme is an event-based 

protection strategy, which transfers less data when compared with commonly used data-

based protection methods, and does not require high speed communication and 

synchronization. Each protection relay is able to autonomously identify the type of event 

using the current derivative fault identification method and employing novel, artificial 

inductive line impedance techniques. In order to accurately set the protection relays, 

detailed fault current analysis considering low pass RC filter effects are investigated in 

detail. The performance of the developed protection scheme is evaluated under different 

DC feeder and bus faults. The results show that the developed protection scheme is fast 

and accurate, and the grid can ride-through the fault uninterrupted. The detailed analytical 

analysis given in this dissertation provided essential guidelines to set the protection relays 

for an event-based protection scheme. This can be utilized in multi-terminal DC microgrids 

and for various applications, such as telecommunication systems, shipboards and 

spacecraft, and distribution systems involving a large number of electronic loads and data 

centers. 
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1.8. Dissertation Outline 

This dissertation is organized in ten chapters, including the current chapter, which 

contains a brief introduction to the dissertation and statement of the problem. Chapter 2 is 

focused on the battery-supercapacitor hybrid system and its application for pulse load 

mitigation. The effects of pulsed power loads on the AC and DC power system are 

discussed. Also, the power and the energy requirements of the pulse load in terms of 

dynamic and average power and energy are analyzed. This chapter also presents passive 

battery-supercapacitor hybrid configuration and different active hybrid configurations. The 

advantages and limitations of each configuration are discussed in terms of power and 

energy capability, power converter requirement, complexity of the control system and the 

implementation cost.  

Chapter 3 presents a description of the hybrid DC power system setup developed 

as a verification tool for this dissertation. The components of this system that include 

energy storage devices, load emulators, generator stations and transformer are described. 

Also, hardware test setups, the configuration and the main control strategy of various 

implemented power converters are included in this chapter. Moreover, the hybrid power 

system test setup contains various measurement circuits, protection boards and a drive 

system. These boards are detailed and their performances are evaluated. Finally, this 

chapter presents the technique for the main control and monitoring strategy of the 

developed hybrid DC microgrid. 

Chapter 4 investigates the connectivity issues related to linking two DC buses 

featuring different voltage characteristics. The focus of the study is to achieve effective 

bidirectional energy transfer between two DC buses, whose voltages contain a significantly 
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different content of ripple. Also, the real-time operation and current harmonic analysis of 

isolated and non-isolated DC microgrids incorporating hybrid energy sources with various 

loading schemes are investigated. In order to properly manage the energy and prevent AC 

grid power pulsation, a new current-voltage control technique based on a master-slave 

control concept is developed. Various experimental tests based on different power sharing 

patterns are performed and the results are analyzed.  

Chapter 5 explains the development of a hybrid power system with high 

redundancy that improves the performance of the system and reduces the total power 

losses. The concept of the actively controlled hybrid DC power system with a high 

redundancy is described. Then, the system configuration of the proposed microgrid and the 

developed energy control concept are explained. This chapter also includes the detailed 

scheme of the developed energy management system with an adaptive energy calculator. 

The source of errors and their effects on the performance of the system are illustrated. 

Experimental tests of the proposed microgrid, its controllers and the new energy 

management system under different loading schemes and grid conditions are presented and 

the results are compared with other methods suggested in the literature.  

Chapter 6 focuses on the grid connected hybrid DC microgrid power systems that 

incorporate a pulsed load. This chapter includes a detailed description and performance 

evaluation of a new three layer control structure that utilizes an adaptive current-voltage 

control scheme. Using experimental test results, the performance of the developed control 

scheme for different pulse rates and duty ratios is evaluated. The results are compared with 

other control techniques in terms of normalized DC bus voltage variation, normalized AC 

grid voltage drop, frequency fluctuations and system efficiency. 
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Section 7 presents implementation and evaluation of a virtual test-bed platform as 

an accurate model of the hybrid power system. Different techniques for modeling of 

supercapacitor and battery energy storage devices are explained. This is followed by a 

description of a four bus hybrid DC microgrid and its simulation model. In order to evaluate 

the accuracy of the developed model, the normal and transient performances of the virtual 

test-bed are analyzed and are compared with the experimental results. 

Chapter 8 is focused on the protection of DC power systems that incorporate hybrid 

energy storage devices. Various grounding schemes for DC power systems including their 

advantages and limitations are discussed. Also, different DC power system protection 

devices, which are commercially available or in the research stages, are presented.  

Chapter 9 reviews different protection techniques suggested in the literature for 

radial, distributed and multi-terminal DC power systems. Various fault identification and 

location techniques are presented, and the requirements and applications of these 

techniques are compared.  

Chapter 10 presents a new event-based protection scheme for a multi-terminal 

hybrid DC microgrid. In order to fully illustrate and evaluate the proposed protection 

scheme, a three-bus medium-voltage DC system and a four-bus hybrid DC power system 

are considered. Also, this section presents the detailed fault current analysis using 

analytical calculation and virtual test-bed model. The developed current derivative event 

classification method and artificial inductive line impedance are described. Finally, the 

performance of the proposed event-based fault identification method is evaluated and 

verified in terms of fault isolation, load support during a fault, and system restoration. 
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Chapter 11 provides general outcomes of the results and the conclusion of this 

dissertation. Also, some suggestions and recommendations for further work related to this 

topic are given. 
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 SUPERCAPACITOR-BATTERY ENERGY STORAGE INTEGRATION  

2.1. Introduction 

With the global environmental pollution concerns, there has been a push to utilize 

more electric vehicles (EVs) and hybrid electric vehicles (HEVs) in transportation systems. 

Many studies have been done in the control and integration of these vehicles in power 

systems to accommodate higher penetration of EVs and HEVs [70], [88]. A group of plug-

in hybrid electric vehicles (PHEVs) during their charging process draw very high current 

for a short duration of time, which can create a transient imbalance between power 

production and the power consumption of the grid. Such a current behavior is collectively 

referred to as pulsed loads and cause considerable voltage and frequency fluctuation in the 

power system [137].  

However, pulsed load behaviors are not limited to the AC grid power network. Such 

a load profile is a major concern in hybrid AC/DC power systems in shipboard, spacecraft 

and telecommunication applications [107], [138]-[139]. Due to the absence of an infinite 

bus in these systems, the existence of heavy pulsed loads can potentially create several 

issues. They not only cause voltage drops in the common coupling DC bus, but also lead 

to additional disruptive impacts in the main AC grid and the slack bus generator [107], 

[138] -[139]. 

One method to reduce the disruptive impact of the pulsed loads is through load 

coordination. In this approach, the load coordination is achieved through load shedding so 

that the total system load remains constant [46]. For this approach there are two necessary 

requirements. First, there should be enough based load connected on the system and, 
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second, those loads should be noncritical so that their disconnections do not cause 

problems. Clearly, since these requirements are not always met, the load coordination 

approach is not an effective solution for many applications.  

One effective method to reduce the adverse impacts of the pulsed loads is the 

utilization of supplementary energy storage devices. Although the energy densities of the 

battery energy storage are high and their terminal voltage variation are limited, their power 

density is low and they have significant difficulty providing very high power over a short 

time period. In order to solve this problem and increase the power capacity of a battery 

energy storage system, multiple cells need to be put in parallel and series. However, this 

will increase the system cost considerably. Moreover, unequal current sharing between 

battery cells are problematic and cause thermal issues within the system [140]-[142]. 

Recently, supercapacitor technology has been introduced that has the potential to 

improve the performance of a power system with heavy pulse loads. Also known as double 

layer capacitors, supercapacitors have a high power density, low internal resistance and 

high cycle life [46], [108]-[113]. Compact in size, supercapacitors can store an 

incomparably higher amount of energy than conventional capacitors and they can release 

that energy at either a high or a low rate with capacitance ranges up to 2700 Farads. Also, 

they can deliver up to 10-20 times more power than batteries. However, the relative energy 

densities of the supercapacitors are low and, as a result, a hybrid combination of the 

supercapacitor with other energy resources is necessary.  

Hybrid battery-supercapacitor storage system can be classified in two categories; 

passive hybrid and active hybrid systems. The passive hybrid configuration is the simplest 

configuration in which the supercapacitor is directly connected to the battery energy 



55 
 

storage with no power management circuitry [108]-[109], [142]. The active hybrid 

configuration utilizes power converter/converters to more effectively regulate the power 

sharing between the battery, supercapacitor and the pulse load [109]-[111]. 

This chapter discusses the power and the energy requirements of the pulsed load in 

terms of average and dynamic energy and, also average and dynamic power. The most 

simple hybrid configuration of the battery-supercapacitor, which is the passive 

configuration, is explained. Moreover, different possible battery-supercapacitor active 

hybrid topologies are presented and their advantages and limitations are discussed. Finally, 

the steady state operations of the passive hybrid and the active battery-supercapacitor 

hybrid systems, which are the most effective configurations for pulsed load applications, 

are analytically analyzed. 

2.2.  Power and Energy Requirements of the Pulse Loads 

In order to understand the requirements of a pulse load, consider a consumption 

profile plotted in Figure 2.1, which defines the load power versus time PL(t) (solid line). 

The load profile used here is simplified for the sake of making the analysis tractable. The 

load is considered as a constant power changing between PMin and PMax with a period T 

(the frequency f = 1/T ) and duty cycle D. Based on Figure 2.1, the instantaneous load 

power, PL(t) for the first N pulses can be expressed as: 
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where ϕ is a unit step function at t = 0. 
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 In order to describe the dynamic behavior of the pulse load, the instantaneous load 

power can be decoupled into an average power profile, PLav  and a dynamic power profile, 

PLdy . Figure 2.1 also shows PLav  as a dotted line and PLdy as a dashed line. The PLav and 

PLdy can be found as (2.2) and (2.3), respectively. 
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Note that the average of the PLdy over a period T is zero. In case of a single source 

system, the source must supply the instantaneous power requirements, i.e. both the average 

and the dynamic power components. While, in a hybrid energy system, the dynamic power 

and the average power can be shared between different energy devices.  

The energy system for the pulsed power load not only should be able to satisfy the 

load power requirements, but also it needs to provide enough energy to operate in a long 

period of time. The energy demand of the pulse load can be given by: 

 ( ) ( )[ ]
0

NT

L Lav L Max Min MinE E P t dt D P P P NT= = − +=∫  (2.4)  

 ( )
0

0
NT

Ldy LdyE P t dt= =∫  (2.5)  

where, the EL, ELav and ELdy are the total energy, the average energy and the dynamic 

energy demands of the load, respectively. Equation (2.5) implies that the dynamic energy 

demand of a pulse load is zero. However, the dynamic energy demands can be decomposed 

into two nonzero components as a consumed energy C
LdyE and an accumulated energy A

LdyE  

(shown in Figure 2.1):  
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The C
LdyE is the maximum dynamic energy that is temporarily required by the pulse 

load, which is also equal to A
LdyE .  

 
Figure 2.1: Consumption power profile of a pulse load. 

2.3. Battery-Supercapacitor Hybrid Configurations 

For the design of a hybrid energy storage system and classification of storage 

devices, Ragone Plot is usually utilized [141]. Figure 2.2 shows the Ragone Plot, the power 

density versus energy density of different energy storage systems. Lithium battery energy 

storages have the power density of 100-500 W/kg, which is the highest energy density of 

all modern batteries. On the other hand, the power density of the supercapacitors is around 

ten times greater than all batteries. Also, the internal series resistance (ESR) of the 

supercapacitors is much lower than that of the batteries. Therefore, supercapacitors have 

much higher charging/discharging efficiency [46], [108]-[113]. However, the power 
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density of the supercapacitors is relatively low. Thus, in order to retain the benefits of high 

specific power and energy, a hybrid battery/supercapacitor storage system can be utilized.  

Various topologies for the hybrid battery-supercapacitor system have been studied 

and utilized over the past few years. In this section, a review of the most commonly used 

hybrid battery-supercapacitor configurations is given. 

 
Figure 2.2: Power density vs. energy density for various energy-storing devices. 

2.3.1. Passive Hybrid Configuration 

Figure 2.3 is the direct connection of the battery and the supercapacitor in parallel, 

which is known as passive configuration. In this configuration, the terminal voltage of the 

battery and the supercapacitor are not regulated. As a result, the power sharing between the 

storage devices is mainly determined by their voltage-current characteristics and their 

respective internal resistances. Therefore, the usable energy from the supercapacitor is very 

limited and it acts as a low pass filter for the hybrid storage system. In the next section, the 

performance of this configuration for pulsed load applications will be analytically 

analyzed. 
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Figure 2.3: Passive battery-supercapacitor hybrid configuration.  

2.3.2. Active Supercapacitor-Battery Configuration 

In an active supercapacitor-battery hybrid configuration, a bidirectional DC–DC 

converter is implemented between the supercapacitor and the load, while the battery bank 

is directly connected to the load. Figure 2.4 shows the circuit topology of this system. 

Implementation of the DC/DC converter allows the supercapacitor voltage to be decoupled 

from the battery bank. As a result, the supercapacitor voltage can change in a wide range 

and its maximum energy utilization is highly improved. Moreover, the converter, acting as 

a power regulator, can effectively decompose the dynamic and the average power of the 

load, as explained in Figure 2.1.  

The main disadvantage of this topology is that in this configuration the converter 

size needs to be relatively large in order to handle the power of the supercapacitor, 

especially in the case of a deep discharge. Moreover, since the battery bank is directly 

connected to the load, there is less flexibility for the design of the bank.  
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Figure 2.4: Active supercapacitor-battery hybrid configuration.  

2.3.3. Active Battery-Supercapacitor Configuration 

Figure 2.5 is an active battery-supercapacitor hybrid configuration. In this 

configuration, a DC/DC converter is utilized between the two energy storage devices. The 

converter continuously controls the power that flows from the battery to the supercapacitor 

and it is able to accurately regulate the output voltage in a broad voltage range. As a result, 

the active hybrid configuration effectively enhances the power sharing between the energy 

storage devices.  

 
Figure 2.5: Active battery-supercapacitor hybrid configuration. 

This configuration is the most studied and researched hybrid configuration for pulse 

load applications. In [109], it is shown that for a pulse load with 0.2-Hz frequency and a 

10% duty ratio, the power capability of an active hybrid configuration is three times greater 

than that of a passive hybrid. Furthermore, the active hybrid configuration results in a 

smaller battery current ripple, and less weight and volume than that of the passive 

configuration. In the next section, the performance of the active hybrid configuration for 

pulsed load applications will be analytically analyzed. 
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2.3.4. Series Active Hybrid Configuration 

In a series active hybrid configuration, two DC-DC converters are employed to 

interface the battery and the supercapacitor bank to the load. Figure 2.6 shows the topology 

of this system. Utilization of the converters makes a better working range of the battery 

and the supercapacitor bank. As a result, the controllability and performance of the system 

is improved when compared with the active battery-supercapacitor or the active 

supercapacitor-battery hybrid configurations. It should be noted that, as an alternative 

configuration, the placement of the battery and the battery converter can be changed with 

the supercapacitor and its converter [22].  

 
Figure 2.6: Series active battery-supercapacitor hybrid configuration. 

The disadvantages of this configuration are the extra cost and complexity of the 

system due to utilization of two converters. Moreover, utilization of the two conversion 

stages between the storage devices and the load considerably reduces the overall efficiency 

of the system. 

2.3.5. Parallel Active Hybrid Configuration 

The parallel active hybrid system utilizes two converters for power regulation of 

the battery bank and the supercapacitor, which are connected in parallel. The topology of 

this hybrid system is shown in Figure 2.7. Similar to the series active hybrid configuration, 
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utilization of two converters will improve the performance of the system. However, the 

cost and the complexity of the system are increased and its overall efficiency is reduced.  

 
Figure 2.7: Parallel active battery-supercapacitor hybrid configuration. 

2.4. Performance Analysis of Hybrid Storage System for Pulse Load 

Applications 

According to (2.2) and (2.6), a hybrid energy system for pulse load application 

should be designed so that the PLav and the C
LdyE is provided. Assuming that the maximum 

voltage limit and the minimum voltage limit of the pulse load are Vmax and VMin  , 

respectively, the total usable energy from a supercapacitor bank can be expressed as: 

 
( )2 2

2
p cell Max Min

C
s

N C V V
E

N

−
=  (2.7)  

where Ccell is the capacitance of a supercapacitor cell, Ns is the number of supercapacitor 

cells connected in series in each array to reach the rated DC bus voltage and Np is the 

number of parallel supercapacitor arrays to meet the required storage energy. Also, VL is 

the minimum voltage of the pulse load after discharging the supercapacitor. Based on (2.7), 
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there is a tradeoff between the maximum C
LdyE that can be supplied by a supercapacitor bank 

and the Vmax and the VMin limit of a pulse load.  

As discussed in the previous section, the passive hybrid and active battery-

supercapacitor hybrid storage systems are the most effective configurations for the pulsed 

load applications. In this section, the steady state operations of these topologies under 

pulsed mode are analytically analyzed.  

2.4.1. Passive Battery-Supercapacitor Storage for Pulsed Load Application 

Supercapacitor is a highly nonlinear component that is usually modeled by 

distributed capacitor-resistor network. However, for the study presented here, a simplified 

model of a supercapacitor is used to make the analysis more tractable. Also, the battery 

bank model is simplified as an ideal voltage source in series with an internal resistor. The 

circuit model of a passive hybrid configuration considered for this study is shown in Figure 

2.8 (a). Figure 2.8 (b) also shows its equivalent model in S-domain using Laplace 

transform. The CSC is the nominal capacitance of the supercapacitor bank, Vc0, is its initial 

voltage and RC is its ESR. Also, Vb is the internal voltage of the battery bank and Rb is its 

equivalent resistance.  

Based on the circuit model of the hybrid system shown in Figure 2.8 (b), Thevenin’s 

equivalent voltage and impedance of the system can be found as: 

 ( ) 0
1

( )
C b

Th b C
b C b C

R RSV S V V
R R S S R R S
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β β

+
= +

+ + + +  
(2.8)  
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α
β

+
=

+ +  
(2.9)  

where α and β are: 
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Figure 2.8: Simplified equivalent circuit of a passive hybrid configuration. (a):Time 
domain, (b): Frequency domain. 

Using inverse Laplace transform, Thevenin’s equivalent voltage in the time domain 

can be found as: 

 ( ) 0( ) tb
Th b C b

b C

V
RV t V V e

R R
β−= + −

+  
(2.12)  

With a same assumption made for (2.1) and assuming that the minimum current of 

the pulse load is zero, the instantaneous load current, iL(t) for the first N pulses can be 

expressed as: 
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(2.13)  

where Im is the amplitude of the pulse load current.  

Also, using (2.13), the load current in the S-domain can be expressed as: 
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(2.14)  
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Based on the equivalent Thevenin’s model of the circuit shown in Figure 2.8 (b), 

the load voltage at the output terminal in the S-domain can be expressed as: 
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(2.15)  

In order to find the VL in the time domain, linear property of the Laplace transform 

can be applied to (2.15) [142]:  
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(2.16)  

Also, the current drawn from the battery bank and the supercapacitor can be found 

based on the VL as: 

 ( ) [ ]1 ( ) ( )b b L
b

i t V t V t
R

= −
 

(2.17)  

Using KCL law, the current drawn from the supercapacitor is: 

 ( ) ( ) ( )C L bi t i t i t= −  (2.18)  

Using (2.13), (2.17) and (2.18), the normalized load current, battery current and 

supercapacitor current for the case that CSC = 20-F, RC = 0.025-Ω and Rb = 0.15-Ω are 

plotted in Figure 2.9. Also, for this case study, the pulse period and its duty ration were 10-

s and 0.1, respectively. During the pulse load on-state, most of the current is provided by 

the supercapacitor, while during the load off-state, the supercapacitor is smoothly charged 
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by the battery bank. As a result, hybridization of the battery bank and the supercapacitor 

effectively reduced the maximum current that is drawn from the battery bank.  

t
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Figure 2.9: Normalized load, battery and supercapacitor currents for 1 per unit pulse load 
with 10-s period and 0.1 duty ratio. 

The supercapacitor assistance in reducing the peak current of the battery bank 

depends on both design aspects of the system, such as the supercapacitor size and its 

configuration, and also on the operating conditions, such as the pulse period, its amplitude 

and its duty ratio. In order to investigate the supercapacitor assistance in peak current 

reduction, the battery current is expressed based on (2.16) and (2.17) as:  
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(2.19)  

The loading profile shown in Figure 2.9 reveals that the maximum battery current 

occurs at the end of the pulse on-state, i.e. t = (k+D)T . Assuming that the supercapacitor’s 
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initial voltage in steady state is equal to the battery voltage, the maximum battery current 

can be found as [142]: 

 max 1
1

DT T
b

b L T
b C

R e ei I
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− −

−

 −
= − × + −   

(2.20)  

In order to show the effectiveness of the hybrid battery-supercapacitor system in 

reducing the maximum battery current, the max/L bI i  for different pulse ratios and periods are 

depicted in Figure 2.10. In this case, CSC = 20-F, RC = 0.025 and Rb = 0.15. The results 

show that the hybrid battery-supercapacitor system effectively decreases the maximum 

current requirement of the battery bank. As the period of the pulse decreases, the max/L bI i  

increases, which indicates more contribution of the supercapacitor in supplying the pulse 

load. Moreover, the max/L bI i  in all pulse periods increases when the pulse due ratio 

decreased. Maximum max/L bI i  is achieved when the pulse due ratio goes to zero and based 

on (2.20), it is equal to: 
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Figure 2.10: Current contribution of the battery bank for different pulse periods and duty 
ratios. 

Figure 2.11 shows the effect of the supercapacitor size in reducing the battery bank 

current. As can be seen, increasing the size of the supercapacitor bank increases the max/L bI i

, which means more contribution of the supercapacitor in supplying the puled load and less 

current requirement from the battery bank. However, increasing the size of the 

supercapacitor increases the cost of the system and it may not be economically feasible, 

especially for high pulse duty ratio.  

It can be concluded that the hybrid battery-supercapacitor system effectively 

decrease the maximum current requirement of the battery bank while, for a battery alone 

system, the max/L bI i  is always equal to unity. Due to maximum current reduction, the 

internal voltage drop and power losses of the battery bank will be decreased. As a result, 

the hybridization of the battery and supercapacitor not only improves the system efficiency, 

but also it effectively increases the life time of the battery bank.  
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Figure 2.11: Current contribution of the battery bank for different supercapacitor sizes. In 

all cases, the period of the pulse was 10-s. 
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2.4.2. Active Battery-Supercapacitor Storage for Pulsed Load Application 

A major characteristic of the active hybrid energy storage system, described in the 

previous section, is the utilization of a DC-DC converter that controls the power flow from 

the battery bank to the supercapacitor and the load. In this configuration, the supercapacitor 

voltage and current can be found as: 

  SC LV V=  (2.22)  

 max( ) L
SC L b L Con

Con

DIi I i I tκ
η

= − = −  (2.23)  

Also, the battery bank voltage and its current can be expressed as: 
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=  (2.25)  

where κCon and ηCon are the converter voltage conversion ratio and its efficiency, 

respectively. 

Utilization of the converter decouples the battery voltage from the supercapacitor 

and allows full control of the energy injected to the supercapacitor and the pulse load. As 

a result, the power capability of an active hybrid configuration can be effectively improved 

by decomposing the dynamic and the average power of the load as explained in Figure 2.1. 

In the case of grid connected pulse load, different performances can be achieved depending 

on the DC-DC converter control method. In this dissertation, various energy control 

techniques and power control schemes are developed for the active hybrid power system 

for both grid connected and standalone microgrid systems. In the following sections, the 



70 
 

performances of the developed techniques are experimentally evaluated and are compared 

with traditional approaches suggested in the literature. 

2.5. Conclusion 

In this chapter, the issues related to the battery-supercapacitor hybrid systems and 

their applications for pulse load were studied. The effects of pulsed loads on the AC and 

DC power system were discussed. The power and the energy requirements of the pulsed 

load in terms of dynamic and average power, and also dynamic and average energy, were 

analyzed. Moreover, different possible passive battery-supercapacitor hybrid configuration 

and active hybrid configurations were explained in this section. The advantages and 

limitations of each configuration were discussed in terms of power and energy capability, 

complexity of the control system, power converter requirement and the implementation 

cost. 

This chapter also presented a detailed analytical study of the passive hybrid and 

active battery-supercapacitor hybrid storage systems for pulsed load applications. The 

performance of the passive hybrid for different design aspects and the operating conditions, 

such as the supercapacitor size, the pulse period and pulse duty ratio, were studied. 

Moreover, different advantages of the active battery-supercapacitor hybrid over the passive 

configuration were discussed and their limitations were compared. 
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 DESIGN AND IMPLEMENTATION OF HYBRID DC POWER SYSTEM 

3.1. Introduction  

In this chapter, the design and implementation of a hybrid DC power system is 

presented. The developed test setup was implemented at the Energy Systems Research 

Laboratory, Florida International University. Depending on the application under study, 

the developed hybrid DC power system can be connected in a radial or a ring configuration. 

The power system can also be configured to be in a stand-alone operation mode, in which 

the grid is only supplied through the internal energy sources. Moreover, the system can be 

connected in a microgrid mode and be supplied through internal energy sources and by an 

interconnected AC network.  

In the following section, the system components of the hybrid power system and 

the control schemes of the converters are described. Section 3.2 presents the energy storage 

devices implemented in the power system. This section is followed by an explanation on 

the design and implementation of the load emulator systems, which are the steady state 

load, the dynamic load and the pulse load. This is followed by a detailed specification of 

the generator station models and the isolation transformer are presented. Different power 

converters are implemented in the developed power system. Hardware test setups, the 

configuration and the main control strategy of these converters are included in section 3.5.  

The developed test setup contains various measurement circuits, protection boards 

and a drive system. These boards are detailed and their performances are evaluated in 

section 3.7. The hybrid DC power system is able to be connected in our smart grid test-

bed. Section 3.8 describes the system configuration and the control strategy of the AC grid 
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test-bed. Finally, the real-time control and monitoring of the developed hybrid DC power 

system is presented in section 3.9. 

3.2. Energy Storage System 

The energy storage devices of the implemented hybrid DC power system include a 

supercapacitor bank and a battery bank. This subsection includes the detailed specifications 

and configuration of these systems.  

3.2.1. Supercapacitor Bank  

The supercapacitor bank is built using 350-F, 2.7-V cells of Maxwell Technologies 

supercapacitors. Six supercapacitor cells connected in series form a 58-F, 16-V module. 

Twenty supercapacitor modules were connected in series to configure a 2.9-F, 320-V 

supercapacitor bank. This bank is protected via an analog hysteresis voltage protection 

board, which is explained in section 3.7.5.  

Table 3.1: Specification of the supercapacitor bank. 

Parameter Specification 

Type Maxwell (BMOD0058) 
Number of Cells 20 
Rated Capacity 2.9 F 
Rated Voltage 320 V 

Maximum Voltage 340 V 
Maximum Continuous Current  12 A (∆T= 15˚C) 

 

Figure 3.1 shows the supercapacitor bank implemented in the test setup. Two 2.9-

F supercapacitor banks are available in our experimental test setup, which can be connected 

in parallel to form a 5.8-F, 320-V bank. Alternatively, they may be connected in series to 
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form a 1.45-F, 650-V bank. The detailed parameters of the 2.9 F supercapacitor bank are 

summarized in Table 3.1. 

 
Figure 3.1: Supercapacitor bank setup. 

3.2.1. Battery Bank  

The battery energy storage systems are essential to meet the peak loads 

economically and to improve the power quality and stability of the grid. Figure 3.2 (b) 

shows the battery bank implemented in the test setup. The battery bank is composed of 

twelve lead-acid battery cells rated 120-V, 110-Ah. The specifications of this bank are 

summarized in Table 3.2.  

Table 3.2: Specification of the battery bank. 

Parameter Specification 

Type  
Universal (UB121100) 

 Lead Acid  
Number of Cells 12 

Rated Capacity 110 Ah 

Bank nominal Voltage  120 V 
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(a) (b) 

Figure 3.2: Experimental test equipment: (a) battery bank; (b) load emulator. 

3.3. Load Emulators  

The implemented hybrid DC microgrid includes three different types of loads. 

These include the steady state load, the dynamic load and the pulse load. Figure 3.2 (b) 

shows the load module that is built using the resistor bank and the buck converters. The 

rated power of the steady state load is 2-kW at the rated 320-V DC bus voltage while the 

dynamic load and the pulse load are fully programmable.  

The dynamic load is a 15-Ω resistor that is connected to the low voltage side of a 

buck converter, with a switching frequency of 2-kHz. This load is able to fully emulate the 

dynamic behavior of a load up to 6-kW. For instance, the consumption profile shown in 

Figure 3.3 is a load with high starting power based on the equation (3.1).  
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DL NP P ke u t Tτ
− − 

= + − 
 

 (3.1)  

where PN is the steady state power of the load, k is the transient load coefficient and τ is its 

time constant. Also, u is a unit step function and T is the load starting time. As Figure 3.3 

shows, the maximum of the load at the starting point is (1+k)PN and it settles to 1.05PN 

after 3τ seconds. By adjusting the duty ratio of the buck converter, the implemented 

dynamic load is able to fully emulate the load profile such as the one shown in Figure 3.3.  

t

(1+k)PN

PN

0

PDL (t)

3τ 

T

1.05PN 

 
Figure 3.3: A dynamic load consumption profile. 

 Also, in order to emulate the pulse load behavior, a 20-Ω resistor is connected to 

another buck converter. The switching frequency of this converter is 2-kHz. The pulse load 

is completely programmable up to 4-kW at different pulse frequencies and duty ratios. 
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Figure 3.4: A pulse load consumption profile.  

In order to understand the pulse load characteristics, consider a consumption profile 

plotted in Figure 3.4, which defines the load power versus time PL(t). The load is 

considered to have constant power changing between PMin and PMax with a period T (the 

frequency f = 1/T ) and duty cycle D. Based on Figure 3.4, the instantaneous load power, 

PL(t) for the first N pulses can be expressed as: 

 ( ) ( )[ ]
1

0

( ) ( ( ) )
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Min Max Min
k

L P PP t P u t kT u t k D T
−

=

= + − − − − +∑  (3.2)  

where u is a unit step function at t = 0. By adjusting the duty ratio of the buck converter, 

the developed pulse power load emulator is able to completely control the pulse load 

parameters: the duty cycle D, the period T, the maximum power PMax and the minimum 

power PMin .  

3.4. Generation Stations and Transformers 

Four generating stations are implemented in an experimental test-setup. Figure 3.5 

shows the schematic of the emulated generator stations and their measurements and 
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controller components. As can be seen, the generation stations are 3-phase synchronous 

generators coupled to induction machines as prime movers. All stations are equipped with 

an automatic voltage regulator (AVR), which utilizes the feedback signal of the generator’s 

output voltage to regulate the bus voltage.  

 
Figure 3.5: Schematic diagram of the generator stations’ configuration and their control 

system. 

Figure 3.6 shows the variable frequency drive system of the generator stations. The 

drive system is supplied through the AC grid. The input voltage is first converted to DC 

using an uncontrolled rectifier and it is connected to a full bridge inverter through an LC 

filter. The inverter controls the induction motor of the generator station as the prime mover 

controller. In the case of the slack bus generator, the prime mover is run through a constant 

frequency drive to maintain the grid frequency at 60-Hz. The frequency drive follows 

“vector speed control” that serves to keep the frequency constant. In order to emulate the 

PV buses, the prime mover of the generator is operated by a torque-controlled frequency 

drive, which regulates the output active power of the generation station. The generator 

station experimental test setup is shown in Figure 3.7 (a). The detailed parameters of the 

generator stations are given in Table 3.3.  
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Figure 3.6: Variable frequency drive topology of the generator stations. 

Table 3.3: Generator station parameters. 

Component Parameter Specification 

Generator  

SN 3 kVA 
VN 208 V 
FN 60 Hz 

XL, Rs 6.87 mH, 1.45Ω 
 

In order to galvanically isolate the AC generator from the grid, an isolation 

transformer was connected between the generator and the DC grid. The isolation 

transformers have a unity turn ratio and are intended for use as a part of an isolated power 

system. The implementation of the isolation transformer ensures no DC current flows to 

the generator through the neutral impedance. The implemented isolation transformers are 

connected in Y/∆ configuration and their nominal power is 3-kVA. The general view of 

this transformer is shown in Figure 3.7 (b). The detailed parameters of the transformer are 

given in Table 3.4. 

Table 3.4: Isolation transformer parameters.  

Component Parameter Specification 

Transformer 

Connection YD 
SN 3 kVA 
VN 208 V 

Req , Xeq 0.72 Ω, 2.29 mH 
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(a) (b) 

Figure 3.7: Experimental test setup components. (a): AC generator; (b) Galvanic isolation 
transformer. 

3.5. Power Converters 

Different power converters are utilized in the developed hybrid DC microgrid 

system. Hardware test setups, the configuration and the main control strategy of these 

converters are explained here. 

3.5.1. DC-DC Boost Converter 

The boost converters are mainly implemented to increase the input voltage level 

and to regulate the output power. Figure 3.8 (a) shows the DC-DC boost converter test 

setup. Also, the topology of this converter is shown in Figure 3.9. The main components 

of the converter are an isolated gate bipolar transistor (IGBT), a capacitor C, an inductor 

L, and the freewheeling diodes D1 and D2. When the IGBT switch is turned on, the inductor 

is charged through the source connected in the input LV terminal. When the IGBT is 

switched off, the current flows through the freewheeling diode D2 and discharges the 
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inductor and charges the capacitor. Thus, the load at the HV terminal is continuously 

supplied through the stored energy in the capacitor. It can be shown that the steady state 

output voltage and current VHV and IHV are [143]: 

 
1

LV
HV

VV
k

=
−

 (3.3)  

 2

/ (1 )
/ (1 )

SLV SHV
HV

HV LV

V k VI
R R k

− −
=

+ −
 (3.4)  

where, VLV, VSLV and VSHV are the LV terminal voltage, the Thevenin equivalent voltage of 

the source connected to the LV side and the equivalent voltage of the source connected to 

the HV side, respectively. In addition, the k, RHV and RLV are the duty cycle, the Thevenin 

equivalent resistor of the HV source and the equivalent resistor of the LV source, 

respectively. 

 Based on (3.4), the necessary condition to allow energy transfer is that the 

numerator of the fraction of (3.4) should be greater than zero; that is VSLV > VSHV (1-k). 

  
(a)   (b) 

Figure 3.8: Power converter test setup. (a): DC-DC boost converter; (b): DC-DC 
bidirectional DC-DC converter. 
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HV
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D2

 
Figure 3.9: Configuration of the boost converter. 

Figure 3.10 shows the control algorithm of the boost converter, which is controlled 

by a proportional–integral (PI) controller. As can be seen, the controller has two inputs: the 

current reference and the converter current as a feedback signal. The error signal is 

calculated and then is fed to a PI controller. The output is limited by a saturator limiter and 

a newly calculated duty ratio is then compared with a 5 kHz sawtooth signal to generate 

the PWM pulses.  

+

iC

PI Controller 

S1*iC
__

>  
1
S

kS

kp

+
+

Pulse-Width 
Modulator  

Figure 3.10: Block diagram of the boost converter controller. 

3.5.2. Bidirectional DC-DC Converter 

Figure 3.8 (b) and Figure 3.11 show the hardware setup and the configuration of 

the bidirectional buck-boost converter implemented in the hybrid DC microgrid system, 

respectively. The main components of the converter are the inductor L, the capacitor C, the 

IGBTs S1 and S2 and the freewheeling diodes D1 and D2. A fixed frequency PWM 

technique was used to control the IGBTs.  

This converter has two modes of operation: boost and buck. The boost mode of 

operation allows energy transfer from the LV terminal to HV terminal by triggering IGBT 
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S2. When S2 is switched on, the inductor L is charged and the capacitor C is discharged 

through the HV terminal. When S2 is switched off, the current that was flowing though 

IGBT S2 would then flow through L and the freewheeling diode D1, charging the capacitor 

C and transferring energy to the HV terminal.  

S2

S1

V

A

V

A

HVLV D2

D1

 
Figure 3.11: Configuration of the bidirectional DC-DC converter. 

 In the buck mode of operation, by switching on and off the IGBT S1 at a controlled 

duty cycle, the energy transfers from the HV terminal to the LV terminal. When the IGBT 

S1 is switched on, the input current from the HV terminal flows through the filter inductor 

L, and transfers the energy to the LV terminal. When IGBT S1 is switched off, the 

freewheeling diode D2 conducts due to the energy stored in the inductor. Therefore, the 

inductor current continues to flow through L and the diode D2. The inductor’s current 

exponentially falls until IGBT S1 is switched on again in the next cycle. 

During forward energy transfer, the converter is operating in boost mode and the 

steady state output voltage and current VHV and IHV can be similarly found using (3.3) and 

(3.4). During backward energy transfer, the converter is operating in buck mode and the 

output voltage and current VLV and ILV can be described by (3.5) and (3.6), respectively. 

The necessary condition of this operation is that VSLV should be smaller than kVSHV. 

 LV HVV kV=   (3.5)  



84 
 

 2
SHV SLV

LV
HV LV

kV VI
k R R

−
= −

+
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The bidirectional converter is controlled by a PI current controller, which adjusts 

the duty ratio of the IGBT switching at a fixed 5-kHz. Figure 3.12 shows the control 

diagram of the converter. Generally, the switching losses of the IGBTs are high compared 

to the diodes; however, these can be reduced by eliminating unnecessary switching. 

Depending on the mode of operation, only one IGBT is needed to be switched at a 

predefined frequency. In order to select the proper IGBT, the reference current is compared 

to zero. If the reference current is negative, the controlled PWM signal is sent to S1 , 

activating the buck mode of operation. On the other hand, if the current reference is 

positive, the signal is sent to S2 to transfer energy from the LV side to the HV side, 

activating the boost mode of operation. 

+

ibat

PI 
Controller 

Pulse-width 
Modulator 

AND

S1 S2AND

< 0 
NOT

*iBat

*iBat

__

 
Figure 3.12: Block diagram of the bidirectional DC-DC converter controller. 

3.5.3. Full Bridge Diode Rectifier 

Diode rectifiers are very common in high-power applications. Figure 3.13 (a) shows 

the full bridge diode rectifier implemented in our hybrid DC power system test setup. 

Figure 3.14 shows a circuit diagram of this converter. The three-phase diode rectifier is 

also called an uncontrolled rectifier since there is no control over the switching of the 

diodes. The pair of diodes encountering the highest amount of instantaneous line-to-line 

voltage will conduct. As a result, each diode conducts for 120 degrees and the output 
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contains six different ripple intervals per supply voltage time period. A capacitive filter 

was used at the output of the rectifier to reduce this voltage ripple. 

  (a) (b) 

Figure 3.13: AC-DC power converter test setup. (a): Full bridge diode rectifier; (b): 
Three-phase controlled rectifier. 

Leq
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Leq
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Vdc
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Figure 3.14: Three-phase full wave uncontrolled rectifier configuration. 

Figure 3.15 shows the voltage waveform of the AC source and the DC output 

without a capacitive filter. The average output DC voltage Vdc , can be found as: 

 
2 /3

/3

3 3sin( ) 1.3505dc m m LLV V t d t V V
π

π
ω ω

π π
= = =∫  (3.7)  
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Figure 3.15: Input AC voltage and the output DC voltage of an uncontrolled full bridge 

rectifier without capacitive filter. 

where Vm and VLL are the maximum and RMS line-to-line AC voltages, respectively. Also, 

the peak-to-peak voltage ripple Vripple in this case can be found as: 

 3(1 ) 0.1809
2ripple m dcV V V= − =  (3.8)  

Thus, in order to reduce the output voltage ripple, implementation of the capacitive 

filter is essential. 

3.5.4. Controlled AC-DC Converter 

A fully controlled three-phase rectifier has been designed and implemented for 

coupling the DC microgrid with the AC power system. This converter is built using 

Semikron technology SKM50GB063D, IGBTs (Figure 3.13 (b)). The topology of this 

converter is shown in Figure 3.16. The implemented converter has the capability of 

controlling both the active and reactive power drawn from the grid independently. This is 

achieved by using a vector decoupling PWM control technique. Vector decoupling PWM 

control of three-phase rectifiers requires coordinated transformation to the d-q frame of 

reference in order to obtain the desired controllability. Moreover, the controlled rectifier 

utilizes a PI controller to regulate the output power. Compared with a diode rectifier, the 

V
ol

ta
ge

 (P
.U

.) 
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controlled rectifier operates within acceptable limits of the total harmonic distortion (THD) 

for the current drawn from the AC source. It can also yield very low voltage ripple on the 

DC output. More details about the operation principle of this converter and its controller 

can be found in [125] and [135]. 

Leq

CL

Leq

Leq

Vdc

Va

Vb

Vc

 
Figure 3.16: Three-phase controlled rectifier configuration. 

3.6. Filters 

The implemented filters in the hybrid DC power system test-setup include the AC 

filter and the DC filter. The AC filter is a three-phase line inductor that is implemented to 

reduce AC harmonics. Since the inductor impedance increases with frequency, it creates a 

larger impedance to the flow of higher order harmonic currents As a result, the current 

waveform is less discontinuous, resulting in a lower THD. The values of the inductors were 

chosen based on the value of effective impedance that forces THD to be less than 5%. 

Inspecting the output voltage of an uncontrolled rectifier shown in Figure 3.15, it 

can be seen that the output DC voltage pulsates at a frequency of six times that of the 

fundamental frequency of the AC source voltage. Therefore, an LC filter was used to 

reduce the voltage ripple. The LC filter is utilized to improve the performance of the DC-
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DC converters. Moreover, the capacitive filters were used at the output terminal of the DC-

DC converters to stabilize the DC bus voltage during the converters switching. 

3.7. Measuring and Protection Board 

Different circuit boards are implemented for DC and AC variable measurements. 

These boards are designed using Altium software and are implemented on printed circuit 

boards (PCBs). Also, an analog hysteresis protection board is designed for the protection 

of the supercapacitor bank against dangerous overvoltage. Moreover, the implemented 

hybrid DC power system includes an isolated switching board to boost the switching 

voltage signal and to protect the real-time control desk from short circuit faults that may 

occur in the grid. In this subsection, these boards are detailed and their performances are 

evaluated. 

3.7.1. DC Voltage and Current Measurement Board  

The design of printed circuit boards is necessary when highly reliable electrical 

circuits are required. Figure 3.17 shows the DC voltage and current boards implemented in 

PCB. In order to accurately measure the DC voltage and to isolate the measurement circuit 

from the power system, LV 25-P voltage transducers were utilized. Figure 3.18 (a) shows 

the configuration of the voltage measurement circuit board. The primary resistor RT1 is 

selected to adjust the input current of the transducer to its nominal current, which is 10-

mA. Since the nominal DC bus voltage of the hybrid DC microgrid is 320-V, two 1.6-kΩ 

resistors are connected in series to form a 3-W, 3.2-kΩ RT1. Also, the measurement resistor 

RM is 150-Ω. This will ensure very high accuracy voltage measurements with a 2500:1000 
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current ratio. Moreover, in order to filter out high-frequency noises, 0.1µF ceramic 

capacitor CT is paralleled with the measurement resistor. 

 
Figure 3.17: DC measurement board. 
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(a) (b) 

Figure 3.18: DC measurement circuit configuration. (a): Voltage measurement. (b) 
Current measurement.  

Two types of current transducers were implemented for DC current measurements. 

The LA 25-NP transducers were utilized for current measurements up to 25-A. The LA 55 

P was used for the higher current values up to 50-A. Figure 3.18 shows the configuration 

of the current measurement circuit board when LA 25-NP transducers were utilized. The 

measurement resistor RM was selected so that the nominal secondary current of the 

transducer became 25-mA to achieve the highest accuracy. A 0.1µF capacitor is in parallel 

to the output signal of the transducer to filter out any high-frequency noises. It should be 
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noted that experimental results show that larger capacitors are not suitable for this 

application, as it may reduce the response speed of the measurement. 

3.7.2. Voltage Measurement with Common-Mode Rejection 

In applications such as battery and supercapacitor monitoring systems, a small 

differential voltage must be sensed in the presence of a high common voltage. In such a 

system, it is desired to remove the common voltage, which contains no useful information 

about the measurement, and could in fact reduce the measurement accuracy. Figure 3.19 

shows the voltage measurement circuit with common-mode rejection. The voltage output 

of this circuit Vo can be written as (3.9). 

 2 1 4 2
2 1

4 3 1 1
O

R R R RV V V
R R R R

    +
= −    +     

 (3.9)  

In the case that the R1 = R3 and R2 = R4, (3.9) can be rewritten as: 
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Figure 3.19: Voltage measurement with common-mode rejection. 

For accurate measurement, the mirror resistors (R1 with R3 and R2 with R4) should 

be very similar. The measurement system with common-mode rejection is designed based 

on the proposed configuration and is implemented on a printed circuit board (Figure 3.20). 

The measured voltage is compared with a 288-V reference voltage and the difference is 
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boosted 10 times. Due to a maximum voltage input limitation of the analog to digital input 

of dSPACE, the maximum voltage that is measurable is 332-V. This provides a very high 

accuracy in the voltage monitoring of the supercapacitor bank. 

 
Figure 3.20: Measurement board with Common-Mode Rejection. 

To show the effectiveness of the common-mode voltage rejection board, the voltage 

of a similar DC bus was measured via the common-mode rejection board and with the 

common voltage measurement circuit. Figure 3.21 shows the test results. As can be seen, 

in the case that the common voltage was not removed, the measurement was highly 

polluted with noises. On the other hand, the measurement of the common-mode rejection 

board was not affected by the noise. Hence, with this measurement technique, the voltage 

variation can be tracked properly and the control algorithm can work more accurately. 

3.7.3. Isolated switching signal board 

There are some problems and safety issues when using the real-time control boards 

for switching of the IGBTs. First, the maximum output signals from control boards are 

usually in the range of 3-10 V that is not sufficient to turn on the IGBTs. Also, the control 

board may be damaged due to excessive current drawn from IGBTs if a short circuit fault 
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occurs in the microgrid or if the IGBTs burn. Moreover, in many applications, a floating 

switching signal is required, while the switching signals from the control board are usually 

grounded. Thus, in order to isolate the switching signal from the control board, as well as 

boost the signal, isolation of the switching in the PCB was designed. 

 
Figure 3.21: Experimental test results for two measurement modes. 

Figure 3.22 shows the PCB for isolating the switching signal that is composed of 

an isolated DC-DC converter and optocoupler. The board provides four channels of a 15 

V isolated signal with flotation reference voltage at maximum 100 kHZ. This PCB is used 

for the switching of the IGBTs of different DC-DC converters and load emulators.  
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Figure 3.22: Isolated switching signal board.  

3.7.4. AC Voltage and Current Measurement Box 

Special boxes were built for measurement and filtering purposes. These boxes also 

have switching and protection functions. The current and voltage of each line is measured 

via current transformer (CT) and potential transformer (PT). The PTs are connected 

between phases and ground, so they can accurately measure the line-to-ground voltage. For 

control and monitoring purpose, the secondary sides of these CTs and PTs are connected 

to the real-time control boards. The current and voltage ratios for the PT and CT are 3:1and 

20:1, respectively. Also, these boxes include an AC filter consisting of 24-mH inductors 

that are connected in series in each line. The inductor can also be reduced to 12-mH. The 

AC box components are designed for 208-V line-to-line nominal voltage (120-V line-to-

ground) and 15-A current per phase. As a result, the power transferring capacity for the 

three-phase system with nominal voltage is 5.4-kVA.  

The AC measurement boxes are all equipped with a CRYDOM D53TP25D solid-

state relay, whose switching can be controlled by a 3-32 V DC voltage via a real-time 



94 
 

control board. The real-time control system can switch any branch according to the desired 

configuration and the real-time monitored voltage and current data. Also, in order to 

prevent damaging hardware components in the test-bed setup, all lines are protected by 

fuses. 

3.7.5. Analog Hysteresis Voltage Protection 

One of the important issues in the high voltage applications of the supercapacitor 

bank is the uneven charge distribution between the supercapacitor cells during fast charge. 

Uneven charge distribution can cause dangerous overvoltage in a cell while the overall 

bank voltage is under the high voltage threshold.  

To solve the problem of uneven charge distribution, each 58-F supercapacitor 

module is protected by a passive balancing circuit. This balancing circuit consists of a 

resistor across each cell with the same resistance. This allows all cells to have the same 

voltage once the balancing process is completed. The passive balancing of the 58-F module 

draws 25-mA when the module is completely charged to 16-V. 

Additionally, the analog hysteresis protection is designed to ensure that uneven 

charge distribution, especially during very fast charges, does not cause the supercapacitor 

to exceed its maximum voltage.  

Figure 3.23 shows a simplified block diagram of the analog hysteresis voltage 

protection circuit. The hysteresis characteristics of the protection circuit prevent system 

oscillation. Every array of four 58-F supercapacitor modules is monitored. The voltage 

transducer measures the array voltage VAr, while it isolates the protection circuit from the 

supercapacitor bank. 
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Figure 3.23: Schematic diagram of the analog hysteresis voltage protection. 

 Suppose that the high voltage level for the protection circuit activation is VArH , 

and its low limit is VArL  , while the reference voltage for the comparator is Vref . It can be 

shown that the VArH and VArL can be expressed as: 

 1
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where, VOL and VOH are the low voltage level of the op-amp when it is off and high voltage 

level when it is on, respectively. Here, Kn is the transducer conversion ratio (the ratio 

between the secondary current to the primary current of the voltage transducer). The other 

parameters can be found in Figure 3.23. 

In an ideal circuit, it can be assumed that VOL is zero and VOH is equal to the op-

amp supply voltage VS . Thus, equations (3.11) and (3.12) can be rewritten as: 

 1 2 1

2 2

( )Op Op T ref
ArH

T Op n

R R R V
V

R R K
+

=  (3.13)  



96 
 

 1
1 2 1

2 2

( ) ( ) T
ArL Op Op ref Op S

T Op n

RV R R V R V
R R K

 = + −   (3.14)  

 
Figure 3.24: Analog hysteresis voltage protection circuit board. 

For the proposed supercapacitor voltage protection circuit, based on the primary 

and secondary nominal current of the voltage transducer, 6.6-kΩ and 100-Ω resistor for the 

RT1 and RT2 were selected. Also, since the rated voltage of the supercapacitor array is 64-

V, 1-kΩ and 100-kΩ resistors were selected for ROp1 and ROp2 . This is done so that the 

VArH and VArL adjust to 66.67-V and 62.68-V, respectively. If the voltage on any of the ten 

supercapacitor arrays exceeds the VArH , the output of the OR gate will be low and the 

IGBT switch SVP, connected in series with supercapacitor bank, blocks the charging path. 

The charging path remains open until the supercapacitor is discharged through the bypass 

diode to the point that its voltage is less than VArL. Figure 3.24 shows the circuit board of 

the supercapacitor analog hysteresis voltage protection. 
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Figure 3.25: Relative error of the VArH for the ten supercapacitor arrays. 

 
Figure 3.26: Relative error of the VArL for the ten supercapacitor arrays. 

The analog hysteresis voltage protection board was tested to verify its accuracy. 

Figure 3.25 shows the relative error of the VArH with respect to its nominal 66.67-V. As can 

be seen, the maximum error was only 4.49% and the average error was 3.57%. Figure 3.26 

shows the relative error of the VArL for the ten arrays with respect to the designed threshold 

of 62.68-V. The experimental results show that the relative errors of the arrays were less 

than 4% and the average was only 3.31%. The accuracy of the analog hysteresis protection 

circuit and the passive balancing capability of the supercapacitor module ensure the reliable 

operation of the supercapacitor bank. 

 Array number 

 Array number 
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3.8. AC Grid Test-Bed System Description 

The AC power system under study is a 72-kW smart grid test-bed, which is 

developed in the Energy System Research Laboratory at Florida International University 

[135]-[136]. Figure 3.27 shows the schematic diagram of the AC grid test-bed. This system 

includes four generating stations, which are connected in a ring configuration through the 

transmission lines. The power lines are designed based on the π–model, which emulates 

power lines with different lengths through a series inductor and two parallel capacitors.  

 
Figure 3.27: Schematic diagram of the smart grid test-bed. 

The current and the voltage of the generator stations and transmission lines are 

measured via CTs and PTs, respectively. The secondary sides of these CTs and PTs are 

connected to the data acquisition systems (DAQs) through the communication terminals. 

Also, the LabVIEW software is utilized for real-time monitoring and control of the AC 

grid. The real-time control system can switch any branch according to the overall system 
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strategy and the monitored voltage and current data. Further details on the AC grid test-

bed specifications and configuration can be found in [135]-[136]. 

 
Figure 3.28: Monitoring and control infrastructure of the hybrid DC microgrid. 

3.9. Real-Time Control and Monitoring of the Hybrid DC power System 

Figure 3.28 shows an example of the hybrid DC microgrid that is connected in a 

ring configuration. This microgrid is composed of four DC buses with three different types 

of sources that supply a steady state load, a dynamic load and a heavy pulse load. The two 

AC generators are mainly supplying the microgrid while the battery bank provides extra 

power when the grid is highly loaded and/or any of the generators is out of service. Also, 

the supercapacitor bank, as an energy buffer, delivers high instantaneous power to the pulse 

load. The supercapacitor bank of the designed redundant microgrid is able to support the 

grid during the transient time and startup of the dynamic load. 

Figure 3.28 also shows the strategy for the main control and monitoring system of 

the hybrid DC microgrid. As can be seen, the dSPACE 1103 real-time control module is 

utilized for the control of the power converters implemented in the hybrid DC microgrid. 
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In the notional DC microgrid shown in Figure 3.28, dSPACE 1103 board is utilized for the 

energy management and control of the DC-DC boost converter implemented in bus 1 and 

3, and also for the control of the bidirectional converter implemented in bus 2. Moreover, 

this control board is utilized for the monitoring of the hybrid DC microgrid system. 

 
Figure 3.29: Control desk and monitoring system of the hybrid DC microgrid. 

As shown in Figure 3.28, the dSPACE 1104 board was utilized to control and adjust 

the dynamic load, the pulse load and the steady state load. Also, this board is utilized for 

the control and monitoring of the power transferred to the AC generators. The experimental 

test setup of the hybrid DC microgrid including the control desk and monitoring system is 

shown in Figure 3.29. 
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 REAL-TIME CONTROL AND ENERGY MANAGEMENT OF HYBRID DC 

POWER SYSTEM 

4.1. Introduction 

In this chapter, the connectivity issues related to linking two DC buses featuring 

different voltage characteristics is investigated. The focus is to achieve effective 

bidirectional energy transfer between two DC buses whose voltages contain significantly 

different content of ripple. Various experiments are performed for bidirectional power flow 

under different system configurations and control modes.  

Also, in this section, the real-time operation and harmonic analysis of isolated and 

non-isolated DC microgrid featuring hybrid energy sources with various loading schemes 

are investigated. In order to properly manage the energy and prevent the AC grid power 

pulsation, a current-voltage control technique based on the master-slave control concept is 

proposed. In this technique, the supercapacitor bank operates as the master and controls the 

DC bus voltage. The converters are working in current control mode and are equipped with 

hysteresis voltage control, which monitors the entire supercapacitor bank. Various 

operating modes based on different power sharing patterns were defined. The experimental 

test is carried out for both galvanically isolated and non-isolated DC grid systems. The 

results showed that the proposed energy management algorithm properly shares power and 

controls the voltage. Also, depending on the power sharing pattern, the isolation of the DC 

microgrid significantly affects the harmonic content of the current. 
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4.2. Bidirectional Energy Transfer in DC Microgrid  

In this section, the connectivity issues related to linking two DC buses featuring 

different voltage characteristics, in terms of voltage level and ripple, are identified, 

analyzed and discussed. A controlled DC-DC converter was used as the main bidirectional 

energy transfer enabler between the two buses. A three-phase full wave diode rectifier was 

used to achieve the high voltage ripple bus, whereas a three-phase controllable IGBT based 

rectifier was used as a pure DC bus. The focus of this section is on how to achieve the best 

controllability and performance levels of the bidirectional converter when it is linking a 

DC bus with a relatively high voltage ripple to another with a small ripple. An experimental 

test setup was devised to investigate and compare the performance of each configuration. 

 

Figure 4.1: A schematic diagram for the bidirectional energy transfer study: two DC 
buses linked with a DC/DC converter. 

4.2.1. Description of the Case Studies 

Figure 4.1 shows the configuration of the system under study. The main 

components of this system include two DC buses, two AC-DC converters, two DC loads 

and a bidirectional DC-DC converter. A three-phase full wave diode rectifier was 

implemented as a high voltage ripple source, and a three-phase controllable IGBT based 

rectifier was used as a pure DC source. The bidirectional converter is a buck-boost 
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converter that is operating in the current controlled mode. The low voltage (LV) side of the 

converter is connected to 24-V DC bus, whereas the high voltage (HV) side is connected 

to 32-V DC bus. The voltage and current measurement transducers were placed on both 

sides of the bidirectional converter. Hence, the current feedback signal can be received 

either from the measurement at bus 1 or bus 2. Depending on which bus has high voltage 

ripple and whether the reference current was taken from the terminal with high voltage 

ripple or low voltage ripple, four case studies were defined as follows: 

Case I: The uncontrolled rectifier, resulting in high voltage ripple, is connected to 

the LV 24-V DC bus 1, whereas the controlled rectifier was connected to the HV 32-V DC 

bus 2, and the current feedback was taken from the HV terminal.  

Case II: The uncontrolled and controlled rectifier connection is similar to Case I; 

however, the current feedback was taken from the LV terminal. 

Case III: The uncontrolled rectifier was connected to the HV 32-V DC bus 2, 

whereas the controlled rectifier was connected to the LV 24-V DC bus 1, and the current 

feedback was taken from the LV side. 

Case IV: The uncontrolled and controlled rectifier connection is similar to Case III; 

however, the current feedback was taken from the HV terminal. 

4.2.2. Description of the Test Setup 

The bidirectional DC-DC converter with the topology shown in Figure 3.11 was 

implemented in hardware. The inductor and capacitor used in the converter are 2.7-mH and 

1200-µF, respectively. The maximum input current into the LV side was limited to 12-A. 

For control and monitoring purposes, two voltmeters and two ammeters were connected to 

measure the current and voltage at the two terminals. In practice, for bidirectional energy 
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flow, the DC-DC converters are usually operated in the current control mode. In this case, 

one of the ammeters may be enough for the current feedback of the controller. However, 

the other meters can still be placed for monitoring purposes. 

A scaled-down setup of the system shown in Figure 4.1 was constructed to study 

the effect of high voltage ripple on the control of the energy flow between two DC buses. 

The nominal voltage of bus 1 and bus 2 are 24-V and 32-V, respectively. A 145-W and a 

250-W constant loads were connected to bus 1 and bus 2, respectively. Two rectifiers were 

used. One rectifier is the three-phase full wave uncontrolled rectifier with an output voltage 

that can be adjusted by an autotransformer to be either 32 V or 24-V. In addition, a 

controlled AC-DC converter with very low voltage ripple, which operates in a voltage 

control mode, is used as a second source. 

 
Figure 4.2: Output voltage of the three-phase full wave uncontrolled rectifier: 6.0 V/div, 

2.5 ms/div.  

4.2.2.1. DC bus with High Voltage Ripple 

Figure 4.2 shows the output voltage of the three-phase full wave rectifier when it is 

adjusted to supply a 250-W, 32-V load. As can be seen, the peak to peak variation of the 

output voltage is 4.83-V, and as a result, the regulation factor, which is the ratio between 
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the peak to peak ripple to the average DC voltage, is more than 15%. Also, the fundamental 

frequency of the ripple voltage is 360-HZ that is six times the AC supply frequency. 

 
Figure 4.3: Backward current to the bidirectional DC-DC converter when the converter is 

off: 1.65 A/div, 2.5 ms/div. 

4.2.2.2. Effect of Voltage Ripple 

Suppose that the three-phase full wave rectifier and its load are connected to bus 2 

where the capacitor of the bidirectional DC- DC converter is also located. Furthermore, we 

also suppose that the bidirectional converter does not transfer any energy between the two 

busses. As a result of the voltage ripple of the DC bus, the capacitor will charge and 

discharge periodically. In this case, the capacitor acting as a filter will reduce the regulation 

factor to 9.8%. The drawback of this phenomenon is that the ammeter at the HV terminal 

will see some current while the converter is off and, consequently, there will be more issues 

for controlling the bidirectional power flow. In other words, the difficulty of controlling 

the power flow is not only the voltage variation, but also the high current ripple. Figure 4.3 

shows the backward current from bus 2 to the bidirectional converter. As can be seen, the 

peak to peak current varies between -2.30 to 3.63-A. 
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4.2.3. Experimental Test Results 

In order to study the bidirectional power transfer in a DC power system, four case 

studies were defined. In this subsection, the experimental tests were performed and the 

results are analyzed. 

 
Figure 4.4: Drawn current from bus 1 (ILV) and injected current into the bus 2 (IHV) when 

the reference of the IHV is changed from 0 to 4 A. ILV: 5.0 A/div, 25 ms/div; IHV: 1.65 
A/div, 25 ms/div. 

4.2.3.1. Case I 

In the first case study, the three-phase full wave uncontrolled rectifier was 

connected to bus 1 (LV) and the current control is based on IHV. Figure 4.4 shows the 

experimental test results when the reference of IHV is changed from 0 to 4-A. As can be 

seen, the actual current reaches its steady state value in less than 25-ms with zero overshoot 

and zero steady state error. Figure 4.5 shows ILV and IHV, when the reference of IHV is 

changed from 4 to -3-A. Similarly, in this case, the steady state error is zero and the 

transient time is less than 25-ms. However, there is about 0.5-A overshoot in IHV.  
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Figure 4.5: ILV and IHV when the reference of IHV is changed from 4 to -3 A. ILV: 5.0 

A/div, 25 ms/div; IHV: 1.65 A/div, 25 ms/div. 

Based on the experimental test results shown in Figure 4.4 and Figure 4.5, when 

the energy flow is negative (i.e. power is flowing from bus 2 to bus 1), the injected and 

drown current ripple is very small. However, in the case of positive power flow, there is a 

considerable current ripple in both IHV and I LV. When IHV is 4-A, the peak to peak variation 

of the current is about 2-A. Also, in this case, the average current of ILV is about 5.5-A and 

its peak to peak ripple is 3-A. It can be noticed that current ripple frequency is about five 

times slower than the voltage ripple of the uncontrolled rectifier. This shows that the 

controller is also affected by the voltage ripple. This current ripple can be reduced by 

increasing the speed response of the controller; however, the experimental test results has 

shown that with a faster controller, the converter will be unstable for high current transfer. 

4.2.3.2. Case II 

In the second case study, the three-phase full wave uncontrolled rectifier is 

connected to bus 1, whereas ILV is the reference current for the controller of the 

bidirectional DC-DC converter. Figure 4.6 shows ILV and IHV when the reference ILV is 
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changed from -4 to 2-A. Also, Figure 4.7 shows ILV and IHV when the reference current is 

increased from 2 to 6-A. As can be seen, in both step changes of the reference, the controller 

responded in less than 25-ms and the steady state error is zero. However, when the 

reference ILV is changed from 2 to 6-A, there are 8% and 19% overshoots in ILV and IHV, 

respectively. 

 
Figure 4.6: ILV and IHV when the reference of ILV is changed from -4 to 2 A. ILV: 5.0 

A/div, 25 ms/div; IHV: 1.65 A/div, 25 ms/div. 

In contrast to the first case study, when ILV is the reference of the controller, there 

is a small current ripple for both directions of the power flow. A more detailed study 

revealed that for the positive power flow, the frequency of the current ripple is the same as 

the voltage ripple of 360-Hz. The successive control of this scheme can be because of the 

fact that the controller measures the actual current at the terminal that the uncontrolled 

rectifier is connected to. As a result, it can be adapted by the voltage variation faster. 
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Figure 4.7: ILV and IHV when the reference of ILV is changed from 2 to 6 A. ILV: 5.0 

A/div, 25 ms/div; IHV: 1.65 A/div, 25 ms/div. 

4.2.3.3. Case III 

As was explained in the subsection 4.2.2.2, when the HV terminal of the 

bidirectional converter is connected to a DC bus with a high voltage ripple, the capacitor 

at the HV terminal of the bidirectional converter will be charged and discharged 

periodically. In the third case study, the full wave uncontrolled rectifier is connected to the 

HV terminal (bus 2) and the current control is based on the ILV. The ILV and IHV for this 

case when the reference is changed from -4 to 5-A are shown in Figure 4.8. As can be seen, 

there is a 1.8-A overshoot in the ILV and the current reaches its steady state in less than 50-

ms. Also, there is a small current ripple in ILV, which is within an acceptable range. The 

current ripple in IHV is more serious and it is about 3-A. This high ripple is basically 

because of the charging and discharging of the capacitor at the HV terminal. Figure 4.9 

shows the result of the same case when the time per division of the graph is decreased for 

more clarification. As can be seen, the ripple is independent from the direction of the power 

flow and its fundamental frequency is 360-Hz, which is the same as the bus 2 voltage 
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ripple. The interesting point of this control scheme is that bus 1 is not affected by the high 

current ripple at the HV terminal of the bidirectional converter. 

 
Figure 4.8: ILV and IHV when the three-phase full wave uncontrolled rectifier is connected 

to bus 2 and the reference of ILV is changed from -4 to 5 A. ILV: 5.0 A/div; IHV: 1.65 
A/div, 25 ms/div. 

 
Figure 4.9: A zoom-in on the Figure 4.8 with 5 ms/div. 

4.2.3.4. Case IV 

In the last case study, the current control is based on IHV while the three-phase full 

wave uncontrolled rectifier is connected to bus 2. Figure 4.10 shows ILV and IHV when the 

reference of IHV is changed from -3 to 5-A. As can be seen, IHV has about 2-A overshoot 
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and it reaches its steady state in less than 60-ms while its error is around zero. Similar to 

Case III, IHV has a high current ripple in both the steady state and transient conditions. This 

is because of the charging and discharging of the capacitor at the HV terminal. However, 

the current ripple of ILV is considerably higher than the previous case. This high current 

ripple is mainly because of the periodic change of the feedback IHV. 

 
Figure 4.10: ILV and IHV when the three-phase full wave uncontrolled rectifier is 

connected to bus 2 and the reference of IHV is changed from -3 to 5 A. ILV: 5.0 A/div, 25 
ms/div; IHV: 1.65 A/div, 25 ms/div. 

4.2.4. Summary of the Bidirectional Energy Transfer Results  

In this study, depending on the placement of the source with high voltage ripple 

and its connection with respect to the bidirectional DC-DC converter and whether the 

reference current is from the terminal with high voltage ripple or not, four case studies were 

defined. The comparative experimental test results showed that in the case that the diode 

rectifier is connected to the LV terminal of the bidirectional converter, the current ripple 

will be less if the reference current is taken from the LV terminal. This is due to the fact 

that, with this configuration, the controller can be adapted faster to the voltage variations. 
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Also, better controllability of the bidirectional converter can be achieved with this 

configuration for high power flow. 

On the other hand, experimental results for the two cases when the full wave diode 

rectifier was connected to the HV terminal of the bidirectional converter showed that when 

the voltage ripple at the HV terminal is considerable, better control can be achieved by 

choosing the low voltage terminal current as the reference. This is because of the fact that 

the high voltage variations cause considerable current ripple due to the charging and 

discharging process of the capacitor at the HV link. Hence, selecting the low voltage 

terminal current as the reference will prevent the controller from following periodic fast 

unnecessary variations. As a result, there will be less current ripple in the grid on the LV 

side. 

4.3. Real-Time Control of a hybrid DC power system 

The voltage control of a hybrid DC power system can be categorized as the master-

slave control and the droop control techniques. In the master-slave method, the master 

controls the DC bus voltage while the slave communicates with the master to share the 

energy based on predefined limits and loading scenarios. In the droop control technique, 

the communication between the converters is not required. However, this method suffers 

from the stationary error as a result of the load variation [144]. 

In this section, the real-time operation and energy management for a notional DC 

microgrid that incorporates a pulsed load is presented. As discussed in section 2, the pulsed 

loads draw high currents during a short amount of time, which can cause considerable 

voltage and frequency fluctuation. These disturbances can trip other normal loads offline, 



113 
 

causing a serious outage. To overcome these issues, a current-voltage control technique 

based on the master-slave control concept is proposed. In this technique, the supercapacitor 

bank, acting as the master, controls the DC bus voltage while the slave works in current 

control to share the required power of the load.  

4.3.1. System Description 

A notional hybrid DC microgrid proposed for this study is shown in Figure 4.11. 

This microgrid supplies two steady state loads and one pulsed load. The energy of the 

system is mainly supplied by an AC generator inside the grid (acting as a distributed 

generator) and through the main AC power grid. A 2.9-F supercapacitor bank functions as 

a power buffer device and provides the instantaneous power required. The AC generator is 

a 3-kVA, synchronous machine, which is explained in section 3.4. This generator is 

connected to the AC filter via a three-phase 3-kA Y/∆ transformer to be galvanically 

isolated from the DC grid and the main AC network. This will ensure that no DC current 

flows to the generator through the neutral impedance. The AC filters are a 24-mH inductor 

to filter out harmonics to the AC generator and the AC power grid. 

The LC type DC filter is connected between the uncontrolled rectifier and the boost 

converter to smooth out the DC voltage and current. The inductor and the capacitor of the 

DC filter are 2.7 mH and 1200 µF, respectively.  

4.3.2. Controller Development  

Figure 4.12 shows the control diagram of the dc-dc converter. The converters are 

controlled by a PI current controller that adjusts the duty ratio of the IGBT switching at 

fixed 5-kHz. It should be noted that the uncertainty of the measurement can cause error 

accumulation. If the injected power to the DC bus exceeds the consumed power, the extra 
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energy will be stored in the supercapacitor bank and, depending on the supercapacitor's 

time constant, an overvoltage can result. To solve this issue, the dc-dc converter is equipped 

with a hysteresis voltage control. The hysteresis voltage protection system monitors the 

entire supercapacitor bank. Once the voltage of the DC bus exceeds the preset limit, the 

converter will be turned off and it will stop sending power until the bus voltage drops to 

95% of the nominal voltage. 

 
Figure 4.11: Schematic diagram of the system for the real-time control and energy 

management study. 

Uneven charge distribution can cause dangerous overvoltage in a cell while the 

overall bank voltage is under the high voltage threshold. Thus, voltage control of the dc-

dc converter alone is not enough for supercapacitor cell overvoltage protection. The design 

of the analog hysteresis voltage protection circuit for the supercapacitor bank protection 

was described in section 3.7.5. This board was designed to protect the supercapacitor cell 

from dangerous overvoltage that can occur due to the uneven charge distribution among 

supercapacitor cells. This is an important issue for fast charging of the supercapacitor bank 
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in high voltage applications. The output of the protection module is connected to an IGBT 

with an anti-parallel diode, which is indicated as SVP in Figure 4.11. If the voltage of any 

set of supercapacitors exceeds the maximum threshold voltage, the protection module will 

be activated and the charging path will be opened by turning off the SVP. During this time, 

the anti-parallel diode only allows the discharge of the supercapacitor bank until the voltage 

of the entire set drops to a safe threshold. 

 
Figure 4.12: Block diagram of the first boost converter controller with current control and 

digital hysteresis voltage protection. 

4.4. Real-Time Energy Management System 

In order to properly supply the two normal steady state loads and the pulsed load, 

the injected power to the grid is controlled by the two dc-dc converters. In a DC microgrid, 

one of the power units should control the DC bus voltage while the other injects power via 

current control. In the proposed hybrid DC microgrid, the supercapacitor bank is pre-

charged and serves to keep the bus voltage within the preset limits (i.e. variation of less 

than 5%), while the two dc-dc boost converters are working in current control mode. 

Figure 4.13 shows the energy management algorithm of the hybrid DC microgrid 

for three different modes of operation. The total instantaneous current of the two normal 

steady state loads and the average current of the pulsed load are calculated in the energy 

management system. In the first mode of operation, the required current is equally shared 

between the two boost converters. This will ensure that the input energy and the consumed 
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energy of the DC microgrid are equal and, as a result, the supercapacitor’s charge at the 

end of each pulse cycle is constant and the voltage of the DC bus will be within the limit. 

In the second mode of operation, the reference current of the second boost converter was 

set manually and the first converter injects the rest of the required power. On contrary, in 

the third mode of operation, the reference of the first boost converter is set manually by the 

operator and the second boost converter injects the rest of the power from the AC grid.  

 
Figure 4.13: Energy management of hybrid DC microgrid. 

Each mode of operation can be selected based on the required load power, 

availability of the AC sources and the power limitation of the converters. For instance, 

during the AC network failure, the second mode of operation can be selected and, by setting 

zero current reference for the second converter, the DC grid can operate in islanded 

conditions. Furthermore, smart techniques, including fuzzy logic concepts, can be applied 
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to set the reference of the power converter for peak shaving purposes and to minimize the 

energy costs during long term operation [139]. Depending on the required power and 

whether the generator is isolated or not, the mode of operation highly affects the current 

harmonics of the system. This will be discussed in the next section.  

 
Figure 4.14: Dynamic performance of the microgrid test results. 

4.5. Dynamic performance analysis of the system 

In order to evaluate the real-time operation of the converter controller and the 

energy management system, the hybrid DC microgrid was tested under a step change of 

the steady state load. In this case, the second steady state load was 250-W and the pulsed 

load was 3.5-kW at a frequency of 0.1-Hz with a duty ratio of 20%. Figure 4.14 shows the 
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experimental test results when the third mode of operation was selected and the reference 

of the first converter was set to 4-A. The first steady state load was decreased from 1100-

W to 470-W at t = 8 s. As can be seen, the second boost convertor tracked the load change 

very fast and decreased its output from 3.15-A to 1.25-A. Also, it can be seen that there 

was no voltage fluctuation for the step load change. This proves the effectiveness of the 

energy management algorithm and the developed converter controller. 

 
Figure 4.15: Current-voltage control method test result. 

In order to demonstrate the effectiveness of the developed control technique, the 

performance of the internal generator during pulsed load operation was evaluated. Figure 

4.15 shows the experimental test results while the first mode of operation was selected and 

the DC grid was supplying the 2.5-kW pulsed load at a frequency of 0.1-HZ with a duty 

 

0 2 4 6 8 10 12 14 16 18 20
305

310

315

320

325

Bu
s 

Vo
lta

ge
 (V

)

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

pu
ls

e 
lo

ad
cu

rre
nt

 (A
)

0 2 4 6 8 10 12 14 16 18 20
0

1

2

3

G
en

er
at

or
 

Po
we

r (
kW

)

0 2 4 6 8 10 12 14 16 18 20
59.5

60

60.5

Time (S)

G
en

er
at

or
Fr

eq
ue

nc
y 

(H
z)

Time (s) 



119 
 

ratio of 20%. Also, the first and second steady state loads were 250-W and 1100-W, 

respectively. As can be seen, with the current-voltage control technique, the supercapacitor 

properly supported the pulsed load and, as a result, the AC generator only supplied the 

average of the pulsed load. Moreover, since there was no power fluctuation on the 

generator, its frequency was almost constant at 60-Hz. 

 
Figure 4.16: Instantaneous power control method test results. 

Figure 4.16 shows the same experimental test results, while the instantaneous 

power control was applied and the required power was equally shared between the two 

converters. The test results show that the generator supplied around 0.8 kW during the 

pulse off-time and it raised up to 2.18-kW when the pulsed load occurred. Compared to the 
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current voltage control technique, the DC bus voltage variation was reduced. However, the 

analysis of the generator frequency shows the power pulsation of the generator caused 

considerable frequency fluctuation, i.e. once the pulsed load occurred, the generator 

frequency dropped to 59.60-Hz and it raised to 60.35-Hz after the pulse ended. Such a 

power pulsation not only requires higher capacity of the converter and generator, but also 

decreases the system efficiency. 

4.6. Operation and Harmonic Analysis of Isolated and Non-Isolated Grid 

In the DC microgrid, the distributed generator (DG) and the DC loads are either 

connected directly or through a converter to the DC bus. Those that do not have a 

transformer are not galvanically isolated from the DC bus. Thus, the topology and the 

control of each converter should be designed such that no DC current flows to the machines 

via the neutral impedance. In this section, the operation of the hybrid DC microgrid with a 

galvanically isolated AC generator is studied. Also, the performance of the system without 

galvanic isolation under different loading and operating schemes are tested and the results 

are analyzed in this section. 

4.6.1. Isolated hybrid DC microgrid operation 

The proposed hybrid DC microgrid was tested while the generator and the AC grid 

were galvanically isolated by the 3-kW transformers. The first steady state load was 1-kW 

and the second load was 250-W. Also, the pulsed load was 3.5-kW at a frequency of 0.1-

HZ and duty ratio of 20%. Figure 4.17 shows the experimental test results while the first 

mode of operation was selected. As can be observed, the two converters equally shared the 

power and each converter injected 3.1-A. Also, the experimental results show that the bus 
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voltage variation was less than the preset limit of 5%. During the pulse on-time, the 

supercapacitor bank was discharged and, since the generated and consumed power were 

almost equal, the supercapacitor bank was charged during the pulse off-time and the 

voltage returned to its origin. 

 
Figure 4.17: First mode of operation test results for the isolated DC microgrid. 

Figure 4.18 shows the three-phase output current of the isolation transformer. As 

can be seen, the current was symmetric and its maximum value was 5-A. Figure 4.19 shows 

its harmonic components normalized with respect to the fundamental frequency at 60-Hz. 

The results show that the fifth harmonic had the highest amplitude; the fifth harmonic 

amounted to 8.2% of the fundamental harmonic. Also, the THD of the current was 11.86%. 
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Figure 4.18: Output current of the transformer in the first mode of operation. 

 
Figure 4.19: Harmonic analysis of the output current of the transformer in the first mode 

of operation. 

Figure 4.20 shows the experimental results of the second operation mode when the 

reference current of the second converter was manually set to 1-A. In this case, the normal 

steady state and pulsed loads were similar to the previous case. As can be seen, the second 

converter tracked its reference with zero steady state error. Also, the first converter 

provided the rest of the required energy by calculating its reference current based on the 

algorithm explained in Figure 4.13. The test results show that the first converter injected 

5.2-A to the DC bus.  

 Time (s) 

 Harmonic order 

Fundamental (60Hz) = 4.89, THD = 11.86% 
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Figure 4.20: Second mode of operation test results for the isolated DC microgrid. 

Figure 4.21 and Figure 4.22 show the output current of the transformer and its 

harmonic components up to fifteenth order. The maximum current in this case reached 10-

A, which was due to the high current injection to the DC bus and considerable voltage drop 

over the AC filter. As the harmonic analysis shows, the THD of the current was 4.05%, 

while the fifth and seventh order harmonic had the highest values, which were 3.1% and 

1.4%, respectively. 
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Figure 4.21: Output current of the transformer in the second mode of operation. 

 
Figure 4.22: Harmonic analysis of the output current of the transformer in the second 

mode of operation. 

The experimental results of the third mode of operation while reference of the first 

converter was set to 1-A is shown in Figure 4.23. As can be seen, the voltage variation of 

the bus was less than 4%, i.e. the voltage decreased to 310-V when the pulse ended and 

increased to 324-V before the next pulse occurred. Also, the steady state error of the first 

converter was almost zero and the second converter injected 5.2-A to the DC bus based on 

the energy management algorithm.  

 Time (s) 

 Harmonic order 

Fundamental (60Hz) = 10.65, THD = 4.05% 
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Figure 4.23: Third mode of operation test results for the isolated DC microgrid. 

 
Figure 4.24: Output current of the transformer when the third mode of operation was 

selected. 
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Figure 4.24 shows the waveform of the output current of the transformer. The 

maximum current was 1.82-A and it was highly distorted. Figure 4.25 shows the frequency 

spectrum of the current. The THD was 24.93% and the amplitude of the fifth harmonic was 

23.92%, which was relatively high. The high harmonics of the transformer output current 

were due to the small current that passes through the inductive filter. The results show that 

the THD of the current was close to the THD of a three-phase full wave uncontrolled 

rectifier without current filter, which is 2 9 1 31.08%π − = .  

 
Figure 4.25: Harmonic analysis of the Output current of the transformer in the third mode 

of operation. 

4.6.2. Non-isolated Hybrid DC Microgrid Operation 

In this section, the hybrid DC microgrid shown in Figure 4.11 is tested while the 

generator was directly connected to the AC filter without any galvanic isolation. The DC 

bus voltage and DC currents when the first mode of operation is selected was very similar 

to test results for the case that the generator was isolated (Figure 4.17) and it is not 

presented. However, the generator current in the case of a non-isolated grid is much 

distorted. Figure 4.26 shows the input current to the AC filter and Figure 4.27 shows its 

harmonic spectrum. The current THD is 23.66% which is more than two times of the case 

 Harmonic order 

Fundamental (60Hz) = 1.57, THD = 24.93% 
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that the generator was isolated. Interesting point of harmonic analysis is the high magnitude 

of second order harmonic, which is 7.82% of the fundamental harmonic. Moreover, the 

third harmonic has the highest amplitude while for isolated system the fifth harmonic was 

dominant.  

 
Figure 4.26: Input current of the AC filter in the non-isolated grid when first mode of 

operation is selected. 

 
Figure 4.27: Harmonic analysis of the Input current of the AC filter in the non-isolated 

grid when first mode of operation is selected. 

 Figure 4.28 shows the DC bus voltage, the two converter’s current and the pulse 

load current for non-isolated grid when the second mode of operation is selected. As can 
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be seen, the first converter tracks its reference 5.2 A accurately with zero error while there 

is a small deviation in the second converter current, which is less than 6%. 

 

 
Figure 4.28: Second mode of operation test results for the non-isolated DC microgrid. 

Figure 4.29 shows the input current to the AC filter in the second mode of operation 

for non-isolated grid. The results show that the AC current is asymmetric: the maximum 

positive current is 7.6 A and maximum negative is 5 A. Clearly for the wave with 

asymmetries between positive and negative half wave even harmonic exist. Figure 4.30 

shows the result of harmonic analysis of the current. It is known that the inductive AC filter 

can more effectively smooth the harmonics when the line current increases, which was seen 
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in the isolated hybrid DC grid (Figure 4.19 and Figure 4.22). However, in the case of non-

isolated grid, the THD of the current in the second mode of operation is more than the first 

case. This can be justified because the switching of the two converters are not similar since 

their current references are different. This results in circulating current between the 

generator and the AC network. As can be seen in Figure 4.30, the highest absolute 

amplitude of all the harmonics was the second harmonic, amounting to 20.83% of the 

amplitude of the fundamental.  

 
Figure 4.29: Input current of the AC filter in the non-isolated grid when the second mode 

of operation was selected. 

 
Figure 4.30: Harmonic analysis of the input current of the AC filter in the non-isolated 

grid when the second mode of operation was selected. 
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Figure 4.31 shows the input current to the AC filter for the case that the third mode 

of operation was selected and the generator was not isolated. Similar to the previous case, 

asymmetries exist between the negative and positive half-wave. Figure 4.32 shows the 

harmonic spectrum of the current. The THD of the current is 37.55% and the even-order 

harmonics are dominant. The high amplitude of harmonics can be explained due to the low 

level of line current and the circulating current between the generator and AC network 

since the generator were not galvanically isolated.  

 
Figure 4.31: Input current of the AC filter in the non-isolated grid when the third mode of 

operation was selected. 

 
Figure 4.32: Harmonic analysis of the Input current of the AC filter in the non-isolated 

grid when the third mode of operation was selected. 
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The result of the non-isolated grid shows that, although the DC bus voltage and 

convertor control were performed properly, the generator current for all modes of 

operation, especially in the second and third modes, were highly distorted. Thus, the 

implementation of transformers is necessary to avoid AC current distortion, particularly 

the even-order harmonics. Nevertheless, for harmonic suppression of the isolated grid, 

passive filters consisting of a bank of tuned LC filter and/or a high pass filter can be 

implemented as a low cost and high efficiency solution. Also, to have a better performance, 

and particularly to prevent parallel and series resonance, active filters and hybrid passive-

active filters are also applicable. 

4.7. Conclusion and Summary of the Results 

In this chapter, the issues of energy linking in a hybrid DC power system were 

studied. The goal was to achieve efficient bidirectional energy transfer between two DC 

buses whose voltages were at different levels and containing significantly different content 

of ripple. The results of the various experiments run for bidirectional power flow show 

that, depending on the configuration of the system, better controllability and lower current 

ripple can be achieved by the proper selection of current feedback. 

Also, in this chapter, the real-time operation and energy management of the 

notional hybrid DC microgrid supplied by a three-phase DG and a supercapacitor bank on 

the microgrid was proposed. The converter controllers were designed with hysteresis 

voltage protection capability that was considered to ensure that uneven charge distribution 

of the supercapacitor bank, due to fast charge, does not cause the supercapacitor to exceed 

its maximum voltage. The experimental results showed that the voltage protection 
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capability of the convertor and the accuracy of the analog hysteresis protection board 

ensure the reliable operation of the supercapacitor bank. 

 Moreover, the energy management algorithm based on master-slave control for 

three modes of operation was developed. The dynamic performance of the DC microgrid 

was experimentally tested and the proposed control method was compared with the 

instantaneous power control. The results showed that the power pulsation of the generator 

properly mitigated and there was no frequency fluctuations. However, it is very important 

to properly select the supercapacitor bank capacity to keep the DC bus voltage variation 

within an acceptable limit. This study also included the importance of the galvanic isolation 

on the performance of the system. A Y/∆ transformer was implemented between the AC 

supplies and the AC filter to isolate them from the DC microgrid. The test performed for 

both isolated and non-isolated hybrid DC grid showed that the energy management system 

properly shares power between the converters and the loads. As a result, the bus voltage 

variation was within the limit. However, the harmonic analysis showed that in the case of 

a non-isolated DC grid, the generator current was unacceptably distorted. The even-order 

harmonics existed due to circulating current between the non-isolated generator and the 

AC grid. 
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 DEVELOPMENT OF AN ADAPTIVE ENERGY MANAGEMENT SYSTEM FOR 

HYBRID DC POWER SYSTEM 

5.1. Introduction 

Significant enhancements in the performance of DC microgrids and DC distribution 

systems can be achieved with utilization of advanced power electronic converters and 

storage devices. A DC shipboard power system is an example of a DC microgrid concept 

where the system is capable of self-diagnosing, self-healing, and self-reconfiguring [46], 

[139]. In the case of heavy pulse loads or loads with a large startup current, energy 

management and power control of these systems are a fundamental concern. Such a high 

short-time current behavior not only requires higher rating of the power components, but 

also can potentially cause the system voltage and frequency to drop in the entire microgrid 

since there is no infinite bus in the system [46], [107], [139]. 

For pulse load mitigation, a supercapacitor offers an effective solution as a storage 

device with very high power density, long cyclic life, low power loss and relatively high 

energy density [109], [113], [146]. In this section, we investigate the real-time control and 

energy management of a DC microgrid incorporating hybrid energy sources with various 

loading schemes. In the proposed DC microgrid, a supercapacitor bank, working as a power 

buffer, and a pulse load are directly connected to a DC bus. The proposed system 

configuration highly improves the grid redundancy and reduces the total power losses. 

Moreover, the supercapacitor bank not only supplies the pulse load, but also supports the 

grid during transient periods when it is highly loaded. However, the energy management 

and control of such a system is more complex since the heavy pulse load can cause high 
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power pulsation and voltage drop. To reduce the adverse effects of the pulse load, a new 

real-time energy management system (EMS) with an adaptive energy calculator (AEC) 

based on the moving average measurement technique is developed. The proposed 

microgrid was implemented in hardware and experimentally tested. The results were 

compared with other methods such as direct voltage control (DVC) and continuous current 

averaging (CCA) approaches. The results prove that the developed EMS with AEC 

technique properly share the power and control the bus voltage under different loading 

conditions while the adverse effects of the pulse load are highly reduced. 

In the following section, the concept of the actively controlled hybrid DC power 

system with a high redundancy is explained. Then, the system configuration of the 

proposed microgrid and the developed energy control concept are described. Section 5.4 

presents the source of errors and their effects on the performance of the system. This section 

also includes the detailed scheme of the AEC and the real-time EMS. Experimental tests 

of the proposed microgrid, its controllers and EMS under different loading schemes and 

grid conditions are presented in section 5.5. This is followed by the conclusions in section 

5.6. 

5.2. Actively Controlled Redundant Hybrid DC Power System 

Several studies were performed on an actively controlled hybrid DC system in 

which the energy delivered to the supercapacitor and the pulse load was controlled via 

power electronic converters. Some of these studies dealt with power and efficiency 

improvement of the system [109], [113] and [145], and the others were conducted for 

stability enhancement of the AC grid [46], [107] and [139]. In most of these studies, the 
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supercapacitor and the pulse load are connected to a grid through a single DC/DC or 

DC/AC converter. The advantage of these configurations is the ease of energy management 

and converter control. However, the system redundancy of these configurations is low, i.e. 

a fault in the bus connecting converter will cause the outage of the supercapacitor and the 

pulse load. In this chapter, the real-time control and energy management of a redundant 

hybrid DC microgrid system, in which the supercapacitor and pulse load are directly 

connected to a DC bus, is studied. 

 
Figure 5.1: A schematic diagram of a redundant hybrid DC power system.  

 Figure 5.1 shows the schematic diagram of a notional hybrid DC microgrid under 

study. With the proposed configuration, not only the redundancy of the system is increased, 
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but also the system cost and power losses are reduced since the extra power converter is 

eliminated. Moreover, with the proposed configuration, the supercapacitor is able to 

support the grid during the transient startup of the dynamic load in addition to supplying 

the pulse load. 

Different energy control methods are suggested for actively controlled hybrid DC 

power systems that include energy storage and pulse load. The direct voltage control 

(DVC) is the most straightforward method [46], [139]. In the DVC method, one of the 

converters controls the DC bus voltage directly while it is usually working at its maximum 

power limit during the pulse load on-time. Although the DVC strategy is effective and 

simple, it is disruptive to the system and requires more complicated energy management 

and load coordination [46], [107], [139].  

As an alternative, the average current control method can be implemented to reduce 

the disruptive effects of the pulse load. In this method, the input power to the grid and the 

consumed power are set to be equal during a pulse period. As a result, the bus voltage 

variation can be kept within a preset limit. In [109], the continuous current averaging 

(CCA) technique is suggested to calculate the average of the pulse load power. It is shown 

that the CCA strategy yields a higher specific power and also much lower main source 

current with very small ripples [109], [113]. However, it is shown in this study that the 

CCA control technique is not able to properly track the pulse load variation. Moreover, the 

CCA method suffers from error accumulation in the control of a grid with high redundancy, 

which can cause severe overvoltage or undervoltage. To solve all the aforementioned 

issues, a new adaptive energy calculator (AEC) is proposed. This method is based on the 

moving average current and voltage measurement technique in addition to an adaptive gain 
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compensation. To show the effectiveness of the developed AEC technique, its 

performances are compared with the DVC and CCA methods under pulse load variation 

and an artificial measurement error. Moreover, the developed AEC method and the energy 

management system (EMS) is tested under different grid and loading conditions. 

5.3. Controller Scheme of the DC-DC Converters 

In order to regulate the injection of power to the grid, the uncontrolled rectifiers are 

connected to the DC buses through boost converters with the configuration that is shown 

in Figure 3.9. The input inductive filter and the output capacitive filter of each converter 

are 5.6-mH and 1200-µF, respectively. Figure 5.2 shows the controller of the converter that 

has voltage and current control modes set by the EMS. In each mode, a proportional-

integral (PI) controller with anti-windup is employed to further improve control loop 

responses by preventing the controller output saturation during transients. The controller 

adjusts the duty ratio of the IGBT switching at a 5-kHz fixed frequency. 

It should be noted that error accumulation in the EMS may cause overvoltage, 

which will be discussed in the next section. In order to protect the system from dangerous 

overvoltage, the DC-DC converters are equipped with hysteresis voltage protection. If the 

voltage of the DC bus exceeds its high limit, the converter will be turned off until the 

supercapacitor is discharged to the low voltage limit. 
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Figure 5.2: Block diagram of the first boost converter controller. 

Also, the battery bank is connected to the grid through a bidirectional buck-boost 

converter with the topology that was shown in Figure 3.11. Figure 5.3 shows the controller 

of the converter. During the charging process, the converter is in buck mode and the duty 

ratio of the switching output S1 is controlled by the PI controller at a fixed frequency of 5-

kHz and the output S2 is turned off. Similarly, during grid support, the converter is in boost 

mode and the output S1 is turned off and S2 is switched on while the voltage limit of the 

grid is verified. The capacitance and inductance of the input filter of the bidirectional 

converter are 1200-µF and 6-mH, respectively. This converter is connected to the DC bus 

through a 1200-µF capacitive filter. 

 
Figure 5.3: Block diagram of the bidirectional DC-DC converter controller. 
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5.4. Development of an Adaptive Energy Management System 

In this section, the sources of errors in the hybrid microgrid are studied and its 

effects on the EMS are analyzed. The proposed AEC and EMS are explained here in detail. 

5.4.1. Errors and Their Effect on the Energy Management  

For the real-time energy management of a redundant hybrid DC microgrid, one 

should ensure that the injected energy to the grid and the consumed energy are equal. 

However, the EMS that employs only current control is associated with three major sources 

of error, which are explained below: 

i) Converter controller error: Any controller, depending on the application and 

whether it is optimized or not, suffers from the steady state and transient errors. The errors, 

especially the steady state error, highly affect the EMS performance. 

ii) Measurement uncertainty: Measurements in the hybrid DC microgrid are 

incorporated with biased and unbiased noise [147]. Erroneous data in the current 

measurements for energy estimation can be removed by applying a low pass filter. More 

sophisticated techniques using statistical methods and random-fuzzy approaches are also 

applicable. However, it is often times problematic and may even be impossible to filter out 

all data corrupted with noise and bias errors.  

iii) Power losses: The power consumption monitoring of a hybrid DC microgrid 

for proper energy management is highly important. However, the power losses of the DC 

buses and the cable cannot be easily measured. Ignoring the power losses, especially in a 

grid with a long cable, can cause considerable power consumption estimation error.  
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For energy utilization of a supercapacitor bank, its terminal voltage should vary 

with time. The total energy that can be delivered by the supercapacitor can be expressed 

by (5.1): 

 ( )2 2
max min      

2
 1E C V V= −  (5.1)  

where Vmax is the maximum voltage of a supercapacitor bank during a pulse load and Vmin 

is its minimum voltage. In the proposed hybrid DC microgrid, the maximum acceptable 

variation of the DC bus voltage is limited to 5%.  

To show the effect of the error on current control of a DC microgrid, assume that 

the losses of the cable and the DC bus during a short time interval are negligible. Then, 

equation (5.1) can be written based on the generated power of the converters and the 

consumed power of loads as (5.2): 

 ( )2 2
0

0 00 0

1
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t tN M

bi ci bj Li SC SC
i j

V i V i C V V
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− = −∑ ∑∫ ∫
 
 (5.2)  

where, VSC0 and VSC are the supercapacitor voltage at t = 0 and t = t , and iLj and ici are the 

actual load current and converter output current, respectively. Also, N and M are the 

number of the converters and the loads connected to the DC buses. Furthermore, assuming 

that the converter and the load measurement have a constant error during the short time 

interval, ici and iLj can be written as:  

 * (1 )ci ci cii i α= +  (5.3)  

 (1 )M
Lj Lj Mji i α= +  (5.4)  
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where, *
cii  and M

Lji are the reference current of the ith converter and measured current of the 

jth load. Also, the αci and αLj are the error of the ici and iLj with respect to the *
cii  and M

Lji  , 

respectively. 

For the sake of simplicity, suppose that the converter and load bus voltage variation 

with respect to the converter and load power are negligible and they are equal to VSC0 .Thus, 

equation (5.2) can be written based on equations (5.3) and (5.4) as: 

 ( )* 2 2
0 0 0

0 0

1(1 ) (1 ) ( ) 1
2

N M
M

SC ci ci SC Lj Mj SC
i j

V i t V i t CV tα α β
= =

+ − + = −∑ ∑  (5.5)  

where, β(t) is the VSC to VSC0 ratio.  

Generally, in a real-time EMS, the current reference of each converter is set so that 

equation (5.6) is satisfied.  

 *
0 0

0 0
( ) ( ) 

N M
M
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Thus, β(t) can be found from equations (5.5) based on (5.6) as: 
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(5.7)  

It follows from equation (5.7) that with a current control, even if the generated and 

consumed power are set to be equal, the supercapacitor voltage highly depends on the error 

of the current measurements and it continually may change with time and cause error 

accumulation.  
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5.4.2. Adaptive Energy Calculator 

It is shown that the current control technique is not sufficient for the control of a 

grid with high redundancy. In order to improve the dynamic performance of the grid and 

to compensate the effect of error accumulation, a new AEC, based on the moving average 

measurement technique and an adaptive compensation gain, shown in Figure 5.4, is 

suggested. 

 
Figure 5.4: Block diagram of the Adaptive energy calculator. 

The AEC unit calculates the total current that needs to be injected by the converters 

based on the loads power consumption and the supercapacitor bus voltage. In order to 

improve the dynamic performance of the AEC, the average current of the pulse load ipav , 

per each pulse duration T, is calculated via the moving average measurement method and 

it is updated each 2T second, while the average of the supercapacitor voltage is calculated 

continuously. As a result, the current measurement and voltage control will respond to the 

long-term and transient time variation of the grid, respectively. 
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The voltage control is an adaptive proportional controller that continually changes 

the compensation factor kcom to regulate the itotal based on the normalized average bus 

voltage.  

 
Figure 5.5: Compensation factor kcom profile with respect to the normalized 

supercapacitor voltage.  

Figure 5.5 shows the proposed scheme for kcom variation with respect to the 

normalized supercapacitor voltage. In this figure, the VNL and VNH are the normal low 

voltage and normal high voltage thresholds of the supercapacitor, respectively. Three zones 

are defined in this profile: normal, overvoltage and undervoltage conditions in which the 

kcom changes with m0 , mL and mH angle with respect to the normalized voltage. For better 

dynamic performance of the grid, the mL and the mH should be larger than m0 to respond 

quickly to severe conditions. In this study, the nominal bus voltage Vb4, VNL and VNH are 

320V, 0.995 and 1.005, respectively. Also the m0 , mL and mH are 20, 86 and 46.7, 

respectively. 
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5.4.3. The Real-Time Energy Management System 

The main objective of the EMS unit is to set the current or the voltage reference of 

each converter based on the required power of the grid, availability of the converters and 

the battery state of charge. The EMS is composed of two parts: control mode selection and 

current reference assignment. 

If the supercapacitor bank is connected to the grid, the EMS sets all of the 

converters to the current control mode. Otherwise, the EMS will set one of the converters 

to voltage control mode. In this case, the priority is given to the first converter. 

Figure 5.6 shows how the EMS assigns the current reference of each unit. Initially, 

the EMS imports the itotal from the AEC and then, based on the charge of the battery, the 

reference of the total required current *
totali  is set. Following the verification of the 

availability of the converter, if both boost converters are connected, mode 11, the required 

current will be equally shared. Otherwise, if one of the converters is not available, mode 

01 or mode 10, the reference of the available converter will be set to the minimum of its 

maximum current limit max
cii and *

totali , respectively.  

The last step in the energy management system is to set the discharging or charging 

current reference of the bidirectional converter that is implemented in bus 2. This will be 

determined based on the energy requirement of the grid and the battery bank state of charge. 

If the boost and bidirectional converters could not satisfy the power requirement, load 

shedding is necessary. However, load shedding is not covered in this study.  
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Figure 5.6: A flow chart of the real-time energy management algorithm.  



146 
 

5.5. Experimental Test Results  

The redundant hybrid DC microgrid, shown in Figure 5.1, has been implemented 

in our hybrid AC-DC power system test-bed to validate the feasibility of the proposed 

method. The developed EMS with AEC and the converters controller is built within 

Matlab/Simulink environment and executed with the dSPACE 1103 real-time interface. 

Also, for the control of the dynamic load 1 and the pulse load, the dSPACE 1104 board 

was used.  

The nominal power of the AC generators are 3-kVA and are working at rated 60-

Hz, frequency and 208-V, nominal voltage. The AC filters are 12-mH inductors that filter 

out harmonics to the AC generators. Also, the DC filters are connected between the 

uncontrolled rectifiers and the boost converters. The inductor and the capacitor of the DC 

filter are 6-mH and 850-µF, respectively. 

Three different types of loads were emulated in this microgrid. These include the 

steady state load, the dynamic load and the pulse load, which are connected to bus 3, bus 

1 and bus 4, respectively. The rated power of the steady state load, load 1, is 2-kW at the 

rated bus voltage. Also, in order to study the dynamic behavior of the microgrid, a 15-Ω 

resistor was connected to the low voltage side of a buck converter, with a switching 

frequency of 2-kHz. This load, load 2, is able to fully emulate the dynamic behavior of a 

load up to 6-kW. Also, the nominal power of the pulsed load is 3.25-kW and its pulse 

frequency is 0.1-Hz. 

In this section, the performance of the developed EMS with the AEC is 

experimentally tested under various loading schemes and grid conditions. The results are 

compared with other methods such as DVC and CCA approaches. 
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5.5.1.  Steady state operation 

In order to show the effectiveness of the current averaging techniques (AEC or 

CCA) in reducing the pulsed load disruptive effects, the performance of the DVC and the 

developed AEC method during steady state operation were experimentally evaluated. 

Figure 5.7 shows the tests results.  

 
Figure 5.7: DC microgrid performance in the case of the AEC and the DVC control 

methods for pulse load = 3.25-kW (1.0 p.u.) and load 1 = 500-W (0.25 p.u.) and load 2 = 
1.35-kW (0.675 p.u.). The dashed lines in the voltage graph show the 5% thresholds. 

In the case of the DVC method, the first converter utilized the voltage-mode control 

and the second converter used the current control mode and supplied 3-A. As the results 

show, the DVC caused considerable current and power pulsation in the first converter. 

During the pulse on-time, the first converter reached its maximum power limit (2.5-kW) 
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and injected 8-A to support the DC bus voltage. Within a short time following the pulse 

load being turned off, at t = 4.4-s, the bus voltage reached its reference. Consequently, upon 

the completion of supercapacitor bank charge redistribution, the converter’s current 

reduced to 3-A asymptotically.  

In the case of AEC technique, the power pulsation of the converter was prevented. 

It can be observed that the EMS equally shared the average required energy between the 

two boost converters and each converter injected 4-A to the grid continuously.  

 
Figure 5.8: Generator performance comparison of the AEC and the DVC control 

methods. 

To further show the superiority of the AEC method and the consequence of 

converter current pulsation, the generator performance during the two experiments are 

demonstrated in Figure 5.8. Also, the comparative analyses of the two methods are 

summarized in Table 5.1. It can be concluded that, although the AEC technique caused 

0.84% more bus voltage variation than the DVC, it effectively eliminated the high current 

and power pulsation of the converter and generator. Using the AEC method, the generator 
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continuously supplied 1.3-kW and its frequency was 60-Hz with only 0.11-Hz variation. 

However, the DVC method caused considerable power pulsation and frequency 

fluctuation, i.e. when the pulse occurred, the generator frequency dropped to 59.42-Hz and 

returned to 60-Hz with a small overshoot.  

Table 5.1: Test results summary for AEC and DVC control methods. 

Implemented 
 Method  

4

4

b
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max
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I

 1

1

G
nom

G

P
P
∆

 acf∆  

DVC  0.0272 1.0 0.611 0.69 Hz 

AEC  0.0356 0.49 0.074 0.11 Hz 
 

 
Figure 5.9: Operation test results of the microgrid with time averaging current 

measurement method for load 1 = 500-W (0.25 p.u.) and load 2 = 2-kW (1.0 p.u.) while 
the duty ratio of the 3.25-kW (1.0 p.u.) pulse load is changed from 20% to 10% at t = 30-

s. 
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Figure 5.10: Operation test result of the microgrid with AEC method for load 1 = 500-W 

(0.25 p.u.) and load 2 = 2-kW (1.0 p.u.) while the duty ratio of the 3.25-kW (1.0 p.u.) 
pulse load is changed from 20% to 10% at t = 10-s. 
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In this section, the transient performance of the AEC is compared with the 

traditional CCA technique during the pulse load duty ratio variation. Figure 5.9 shows the 

experimental test results for the case when the CCA method was used and the pulsed load 
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injection to the grid and considerable voltage increase of the supercapacitor. The average 

of the Vb4 increased from 320-V to 324-V in 20s. 

Figure 5.10 shows the test results for a similar case when the AEC technique was 

implemented and the pulse duty ratio was changed at t = 10s. As observed, the ipav was 

able to track the pulse duty ratio change in 20s. The transient overestimated energy was 

compensated by automatic reduction of the Kcom due to the small increase in the average 

bus voltage. Once ipav tracked the pulse load variation and system error was reduced, the 

Kcom returned to 1. Consequently, the AEC decreased the converters current with no 

overvoltage on the supercapacitor.  

5.5.3. Operation with inaccurate measurement 

In this section, the performance of the EMS without adaptive voltage gain 

compensation and the EMS with AEC technique under artificial measurement inaccuracy 

is analyzed. In order to have a considerable effect of the error in a short time, exaggerated 

10% artificial over-measurement was applied on load 1 while it was changed from 0-W to 

1500-W at t = 8s. Figure 5.11 shows the experimental test results for the case that EMS 

without adaptive gain compensation was implemented. As the experimental results show, 

based on (5.7), the overestimation of the required energy caused considerable overvoltage 

during a short time, i.e. overcharging of the supercapacitor increased the bus voltage from 

320-V to 326-V in 32s. 

 The experimental test results for a similar case while the EMS with AEC was 

utilized is depicted in Figure 5.12. The results show that the AEC properly tracked the load 

variation and changed the current reference of each converter from 4.05-A to 6.85-A at t = 

8-S. Also, the AEC using the voltage feedback reduced the Kcom from 1.004 to 0.971 after 
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25s and compensated the over-measurement. Therefore, the supercapacitor did not suffer 

any overvoltage.  

 

 
Figure 5.11: Operation test results of the microgrid without adaptive gain compensation 

for pulse load = 3.25-kW (1.0 p.u.) and load 2 = 2-kW (1.0 p.u.) while the load 1 is 
changed from 0 to 1500-W (0.75 p.u.) at t = 8-s with 10% over-measurement. 

5.5.4. Grid support during transient time 

One of the advantages of the direct connection of the supercapacitor to a redundant 

DC microgrid is its capability to support the grid during the transient time when it is highly 

loaded. In order to evaluate the performance of the AEC and the EMS, the load 2 is 

emulated as a load with high starting power, based on equation (3.1). 
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Figure 5.12: Operation test results of the microgrid with AEC for pulse load = 3.25-kW 

(1.0 p.u.) and load 2 = 2-kW (1.0 p.u.) while the load 1 is changed from 0 to 1500-W 
(0.75 p.u.) at t = 8-s with 10% over-measurement. 

Figure 5.13 shows the performance of the grid for the case when the battery bank 

was disconnected from the grid. The values of these parameters in equation (3.1) were; PN 

=2000-W, k =2 and τ=1 s-1. As observed, load 1 increased to 6000-W at t = 6-s and then 

settled at 2000-W after 3.36s. Since the total power requirement of the loads during the 

startup was higher than the two converters power capacity, the converters were saturated 

while the supercapacitor bank was discharged and supported the grid. Consequently, the 

average bus voltage was decreased and, as a result, the AEC increased the Kcom based on 

the control method explained in Figure 5.4 and Figure 5.5. The experimental results prove 
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that the proposed AEC and EMS are able to properly manage the energy and prevent any 

considerable overvoltage or undervoltage even when the grid is highly overloaded. 

 
Figure 5.13: Operation test results of the microgrid with the proposed controller for pulse 
load = 3.25-kW (1.0 p.u.) and load 2 = 2-kW (1.0 p.u.) while the load 1 is changed from 

0 to 2-kW (1.0 p.u.) at t = 6-s with three times overshoot and damping factor of 1-s. 

5.5.5. Converter or supercapacitor outage  

One of the important characteristics of a reliable hybrid DC microgrid is its self-

healing and self-reconfiguring capability. Figure 5.14 shows the test results for the case 

that an outage occurred in the first converter at t = 10s. Based on the algorithm explained 

in Figure 5.6, the EMS set the second converter to its maximum power ( *
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is no voltage fluctuation for the step load change, which proves the effectiveness of the 

energy management algorithm.  

 
Figure 5.14: Test results for the grid with pulse load = 3.25 kW (1.0 p.u.), load 1 = 500-

W (0.25 p.u.) and load 2 = 2-kW (1.0 p.u.) while outage of the converter 1 is occurred at t 
= 10-s. 

The experimental test results for the case that the supercapacitor and pulse load at 

t = 10s were disconnected from the microgrid are shown in Figure 5.15. Based on the EMS 

priority list, the first converter was set to the voltage control mode. During this time, the 

second converter was in current control mode and continuously supplied 50% of the load 

requirements. Thus, both converters equally shared the power even when the first converter 

was in voltage control mode. 
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Figure 5.15: Test results for the grid with pulse load = 3.25-kW (1.0 p.u.), load 1 = 1500-

W (0.75 p.u.) and load 2 = 2 kW (1.0 p.u.) while the supercapacitor and pulse load are 
disconnected at t = 10-s. 

5.6. Conclusion and Summary of the Results 

A real-time control and energy management technique of a notional DC microgrid 

with high redundancy and heavy pulse load was studied. An adaptive energy calculator 

(AEC) based on a moving average measurement technique and a proportional voltage 

compensation was developed. Also, an energy management system (EMS) was designed 

to set the current or the voltage reference of each converter based on the AEC reference 

current, the battery state of charge and availability of the converters. 

 The proposed hybrid DC microgrid and its real-time controller was implemented 

in hardware and experimentally tested under various loading schemes and grid conditions. 

The results showed that the EMS with AEC technique caused 0.84% more bus voltage 

variation than the direct voltage control (DVC). However, it effectively eliminated the high 
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current pulsation of the converter, as well as prevented the power and frequency fluctuation 

of the generator. Also, the performance of the proposed method during transient pulse duty 

ratio variations was compared with continuous current averaging (CCA) method. The 

results showed that the EMS with AEC technique adaptively adjusts the total reference 

current during transient time. The bus voltage was maintained within the limit even if the 

measurement had a considerable error. 

Moreover, the grid performance under transient high loading was evaluated and the 

results showed that using the proposed system configuration, the supercapacitor bank can 

support the grid and control the bus voltage. Finally, the reliability of the hybrid DC 

microgrid was tested and its self-reconfiguring capability was validated. 
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 PERFORMANCE ANALYSIS OF GRID CONNECTED HYBRID DC 

MICROGRID INCORPORATING PULSE LOAD 

6.1. Introduction 

Grid connected DC microgrid power systems with hybrid energy resources are of 

significant interest in many applications. Multiple sources and reconfiguration 

characteristics of the DC microgrid on these systems highly improve the efficiency and 

reliability of the system [148]-[150]. In the hybrid DC power system, there are some types 

of loads with a common profile that require relatively high pulse power, but with relatively 

low average power requirement. As discussed in chapter 2, such a high level of short time 

current behavior requires a higher power rating of the components and could potentially 

cause a significant disturbance to the entire grid [45], [107], [139].  

Pulsed loads not only reduce the efficiency of the DC microgrid and cause voltage 

drop in the common coupling DC bus, but there are additional disruptive impacts in the 

interconnected AC grid. Since in such a system there is no infinite bus in the AC grid, the 

existence of large pulsed loads cause considerable voltage drop and frequency fluctuation 

[45]-[46], [139].  

In this chapter, performance evaluation of the new developed energy control 

scheme for actively controlled hybrid DC microgrid that is connected to a main AC grid is 

proposed. The developed energy control is an adaptive current-voltage control (ACVC) 

scheme based on the moving average measurement technique and an adaptive proportional 

compensator. Unlike conventional energy control methods, the proposed ACVC approach 

has the advantages of controlling both the voltage and current of the system while keeping 
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the output current of the power converter at a relatively constant value. For this study, a 

laboratory scale hybrid DC microgrid is developed to evaluate the performance of the 

ACVC strategy and to compare its performance with the other conventional energy control 

methods. Using experimental test results, it is shown that the proposed strategy highly 

improves the dynamic performance of the hybrid DC microgrid. Although the ACVC 

technique causes slightly more bus voltage variation, it effectively eliminates the high 

current and power pulsation of the power converters. The experimental test results for 

different pulse duty ratios demonstrate a significant improvement achieved by the 

developed ACVC scheme in enhancing the system efficiency, reducing the AC grid voltage 

drop and the frequency fluctuations. 

6.2. Energy Control for Grid Connected Hybrid DC Power System 

Different hybrid configurations are possible for pulse load applications. Passive 

configuration is the direct parallel connection of the supercapacitor with other energy 

resources and is considered the simplest hybrid configuration. The advantages of this 

method include ease of implementation, lower power losses and low cost due to the absence 

of additional power electronic converters. However, since the sources are always 

paralleled, the power sharing between them is highly limited and it is determined by their 

respective resistances and voltage-current characteristics [142]. On the contrary, in an 

active hybrid configuration, the battery and/or other energy resources are connected to the 

supercapacitor and pulse load through a power electronic converter to completely regulate 

the power injection. Previous studies have shown that the power capability of an actively 

controlled hybrid is much greater than that of a passive hybrid. Moreover, the active hybrid 
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combinations have advantages of lower weight and volume, low current ripple of the main 

source and better output voltage regulation [109], [113], [146].  

Several studies were performed on the control of an active hybrid DC power 

system. Some of these studies dealt with power and efficiency improvement of the system 

[109], [113], and others were conducted for stability enhancement of the AC grid [45], 

[107], [139]. For pulse load mitigation, the energy control scheme is very important as it 

largely governs the interaction of the pulse load with the AC/DC power system. In this 

study, a new energy control technique based on ACVC for hybrid DC microgrid is 

developed and its performances are compared with the other energy control schemes 

suggested in the literature. Unlike conventional methods, the proposed approach has the 

advantage of controlling both voltage and current of the DC microgrid. In order to improve 

the dynamic operation of the grid, the moving average current and voltage measurement is 

utilized for this method. The developed ACVC strategy is able to properly buffer the 

converters from the high pulse currents while maintaining the bus voltage variations within 

an acceptable range.  

In order to test the performance of the proposed ACVC strategy and to compare it 

with the other conventional energy control methods, a laboratory scale hybrid DC 

microgrid was developed for this study. The comparative analysis is done both under 

steady state operation of the pulse load and under pulse load transients, such as duty ratio 

and frequency changes. The developed technique is compared with the other conventional 

methods in terms of the DC and AC power system performances. 
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 In the following sections, the hardware test setup of the system and its control 

scheme are described first. Section 6.4 describes conventional energy control techniques 

modified and adapted for our hybrid DC microgrid. Also, the detailed description of the 

developed ACVC strategy is presented in section 6.5. Section 6.6 discusses the 

performances of the ACVC strategy in comparison to other energy control methods. This 

is followed by the summary of the results and conclusions in section 6.7.  

6.3. System Description  

The notional hybrid DC microgrid considered for this study is depicted in Figure 

6.1. This microgrid consists of several types of loads and hybrid energy sources that are 

connected to a common DC bus. The hardware setup and the control structure for this 

system and the interconnected AC grid are explained in this section.  

6.3.1.  Hardware Description 

The energy sources of the DC microgrid are the AC grid, the battery bank and the 

supercapacitor bank. The AC grid is mainly supplying the microgrid while the battery bank 

provides extra power when the grid is highly loaded or if the DC microgrid is islanded. 

Also, the supercapacitor bank functions as a power buffer device and provides the 

instantaneous power required.  

The interconnected AC grid is a hardware/software-based AC grid test-bed power 

system. This system includes generating stations, and programmable loads in a laboratory 

scale of up to 35 kW. More details about the AC grid test-bed configuration and control 

can be found in section 3.8 . 
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The hybrid DC microgrid under study is connected to the AC grid through the 

uncontrolled rectifier and boost converter for power conversion and regulation. A three-

phase Y/∆ transformer was implemented to galvanically isolate the AC grid from the DC 

microgrid. Also, an inductive AC filter is located between the transformer and the 

uncontrolled rectifier to filter out the harmonics to the AC grid. Moreover, an inductive-

capacitive DC filter is connected between the boost converter and the uncontrolled rectifier 

to improve the performance of the converter and reduce the AC grid harmonics. The 

detailed parameters of the components are summarized in Table 6.1.  
 

Table 6.1: Hybrid DC Microgrid System Parameters. 
Component Parameter Specification 

Transformer 

Connection YD 
SN 3 kVA (1 p.u.) 
VN 208 V (1 p.u.) 

Req , Xeq 
0.72 Ω (0.05 p.u.), 
 0.86 Ω (0.06 p.u.) 

RM , XM  
4820 Ω (334 p.u.), 
 16.45 Ω (430 p.u.) 

Boost Converter 

power rating 2500 W 
IGBT module SKM100GAL12T4 

switching frequency 5 kHz 
LBC 6 mH 

AC Filter L AF (XLAC) 12 mH (4.52 Ω, 0.31p.u)  

DC Filter 
LDF 2.7 mH 

CDF  680 µF 

 

As shown in Figure 6.1, the battery bank is connected through the bidirectional 

converter to the common coupling DC bus. The battery bank is rated 120-V, 110-Ah. Also, 

the supercapacitor bank is 2.9-F, and as an energy buffer, delivers high instantaneous 

power to the pulse load. The analog hysteresis protection explained in section 3.7.5, is 
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implemented to ensure that uneven charge distribution, especially during very fast charges, 

does not cause the supercapacitor to exceed its maximum voltage limit. This protection 

unit also provides a backup for the energy control system. If the voltage on any of the 

supercapacitor arrays exceeds the preset limit, the analog control circuit will open the 

output of the IGBT switch Svp , shown in Figure 6.1. The charging path remains open until 

the supercapacitor is discharged through the bypass diode to the point that its voltage is 

reduced to the predefined safe threshold. The detailed parameters of the storage system and 

the bidirectional converter are summarized in Table 6.2.  

Table 6.2: Energy Storage and Bidirectional Converter Parameters. 

Component Parameter Specification 

Battery Bank  

Type  
Universal (UB121100) 

 Lead Acid  
Number of Cells 12 
Rated Capacity 110 Ah 

Bank nominal Voltage  120 V 
Internal Resistance 4 m Ω 

Supercapacitor  
Bank 

Type Maxwell (BMOD0058) 
Number of Cells 20 
Rated Capacity 2.9 F 
Rated Voltage 320 V 

Maximum Voltage 340 V 
Maximum Continuous Current  12 A (∆T= 15˚C) 

Leakage Current  
25 mA  

(Passive Balancing) 

Bidirectional  
Converter 

power rating 1800 W 
IGBT module SK45GB063 

switching frequency 5 kHz 
LBD 6 mH 
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6.3.2. Control Description 

Figure 6.2 shows the control of the hybrid DC microgrid, which consists of three 

layers. The first layer is the energy control system. This control layer utilizes the DC grid 

bus voltage and the load current to set the total current command, 𝑖𝑖𝑐𝑐∗. The next layer is the 

formulation of the reference current of the boost converter, 𝑖𝑖𝑐𝑐1∗  and the reference current of 

the bidirectional converter, 𝑖𝑖𝑐𝑐2∗  based on the converters availability and their power 

limitation. If both converters are available, the priority is given to the boost converter to 

supply the microgrid through the AC grid. The bidirectional converter is utilized in the case 

that an outage occurs in the AC grid or if the power requirement of the DC microgrid is 

higher than the boost converter power limitation.  

The third layer is the converter controllers that regulate the output current of the 

converters. The converter controllers are PI with anti-windup that improves the control 

loop responses during transients and saturation. The controller adjusts the duty ratio of the 

IGBT switching at 5-kHz fixed frequency using pulse width modulation (PWM) technique. 

The switching signals PWM1 and PWM2 shown in Figure 6.2 are assigned to the boost 

converter and the bidirectional converter, respectively.  

 
Figure 6.2: Block diagram of the DC microgrid three layer control system. 

The energy control system largely governs the interaction of the pulse load with the 

DC microgrid and the AC power system. In the following sections, different energy control 

schemes, including the developed ACVC technique, are described.  



166 
 

6.4. Energy Control Schemes for Grid Connected Hybrid DC Microgrid 

 Various energy control methods for pulse load mitigation suggested in the 

literature are adapted for our hybrid DC microgrid and are explained here. These methods 

differ from each other for the measurement data required and the performance level 

achieved.  

6.4.1. Instantaneous Power Control  

Instantaneous power control (IPC), as discussed in [45] and [139], is the simplest 

control technique of a hybrid DC power system. Figure 6.3 shows the schematic diagram 

of this controller, which is modified and adapted for our hybrid DC microgrid. As can be 

seen, this control method utilizes the instantaneous consumed power of the loads and the 

common coupling bus voltage Vb to set 𝑖𝑖𝑐𝑐∗. The τvm and τcr are the time constants of the low 

pass filters for the measured Vb and reference command 𝑖𝑖𝑐𝑐∗, respectively. 

This controller is equipped with hysteresis voltage protection that monitors the 

entire supercapacitor bank. Once the voltage of the DC bus exceeds the preset maximum 

limit Vbmax , the controller will set 𝑖𝑖𝑐𝑐∗ to zero until the bus voltage drops to the preset 

minimum bus voltage threshold Vbmin . 

  
Figure 6.3: Block diagram of the instantaneous power control. 
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6.4.2. Limit-Based Voltage Control  

The basic concept of the limit-based voltage control (LBVC) is to charge the 

supercapacitor bank and control the DC bus voltage as rapidly as possible subject to the 

available power of the sources and the converter power limit [46], [139]. 

 
Figure 6.4: Block diagram of the limit-base voltage control. 

The concept of this controller is shown in Figure 6.4. The two input ports are the 

target bus voltage 𝑉𝑉𝑏𝑏∗ and the measured bus voltage Vb and the output port is the reference 

current command 𝑖𝑖𝑐𝑐∗ . As can be seen, the measured bus voltage is first filtered by a low 

pass filter and then subtracted from 𝑉𝑉𝑏𝑏∗. The voltage error is then multiplied by a 

proportional gain ks and limited to the maximum current limit of the system icmax. The gain 

ks needs to be large enough so that the limit icmax be in effect until the point where the bus 

voltage becomes very close to 𝑉𝑉𝑏𝑏∗ and then approaches it asymptotically. It should be noted 

that the 𝑉𝑉𝑏𝑏∗ is larger than the Vbmin and smaller than the Vbmax. If the bus voltage is less than 

the Vbmax, the output of the current limiter goes through an output filter to form 𝑖𝑖𝑐𝑐∗. 

Otherwise, 𝑖𝑖𝑐𝑐∗ will be set to zero until the supercapacitor is discharged and the bus voltage 

is decreased to Vbmin . 
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6.4.3. Continuous Average Current Control  

 Heavy pulse loads lead to significant disturbance in a power system due to their 

power profile characteristics. To reduce the power pulsation of the converters and sources, 

the continuous average current control (CACC) technique is suggested [45], [109], [113].  

Figure 6.5 shows the schematic diagram of the CACC method adapted for our 

hybrid DC microgrid. Inputs to this controller are the bus voltage Vb and the load currents 

ipl , il1  and il2 , where the output is the reference current command 𝑖𝑖𝑐𝑐∗ . The goal for the 

CACC method is to keep the output current of the power converter at a relatively constant 

value equal to the sum of the steady state load current and pulse load time-averaged current. 

This buffers the converters from high pulse currents while maintaining the bus voltage. As 

can be seen in Figure 6.5, the pulse load current is first integrated and averaged according 

to the operation-time. Then, the calculated continuous averaged current is added to the 

steady state load’s currents. If the safe operation of the system is ensured, the calculated 

current is then fed to the output filter to form 𝑖𝑖𝑐𝑐∗.  

 
Figure 6.5: Block diagram of continues average current control. 
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6.5. Developed Adaptive Current-Voltage Control 

An effective energy control scheme should be able to keep the converters at a 

relatively constant value to prevent converter power pulsation. Although the CACC 

method effectively reduces the system disturbance during a pulse load with constant duty 

ratio and constant amplitude, it fails during pulse load changes and transient grid operation. 

In order to improve the dynamic performance of the grid and to buffer the battery bank and 

AC grid from high pulse currents, a new ACVC technique is developed in this study.  

The ACVC is designed based on the moving average current and voltage 

measurement and an adaptive gain compensator. Figure 6.6 shows the schematic diagram 

of this controller. The input ports of the controller are the pulse load power, the steady state 

load currents and the bus voltage, while the output port is the reference current command 

𝑖𝑖𝑐𝑐∗ . As can be seen, the measured pulse load power is first integrated and passed through a 

delay block with a time delay of T seconds, where T is the averaging period. Then, the 

integrated power is subtracted from the delayed value to calculate the accumulated power. 

To calculate the average power during the last T period, Ppav the accumulated power is 

divided by the time period T. 

Similarly, the average of the bus voltage, Vbav is calculated and then normalized 

with respect to the desired voltage. The proposed ACVC is designed so that the current 

control and the voltage control respond to the long-term and transient variation of the grid, 

respectively. Thus, the ppav is calculated per T period and is updated every T cycle, while 

the Vbav is continually updated.  
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Figure 6.6: Block diagram of adaptive current-voltage control. 

To set the reference current 𝑖𝑖𝑐𝑐∗ , the updated ppav is divided by the Vb to form the 

ipav and then is added to the steady state loads currents. This current is fed to the gain kv , 

which is an adaptive proportional voltage controller. The kv is continually updated using a 

lookup table and the normalized average bus voltage. The lookup table is composed of 

three zones: normal, overvoltage and undervoltage conditions. These zones are defined 

based on the voltage thresholds VNL and VNH , which are the normalized low voltage and 

normalized high voltage thresholds of the DC bus. The kv changes with m0 , mL and mH 

angle in normal, overvoltage and undervoltage conditions, respectively. For better dynamic 

performance of the grid, the mL and the mH should be larger than m0 to respond quickly to 

severe undervoltage and overvoltage conditions. In this study, the m0 , mL and mH are 20, 

86 and 46.7, respectively, where Vb, VNL and VNH are 320V, 0.995 and 1.005, respectively. 

6.6. Comparative Analysis 

In this section, the performance of the developed ACVC technique is 

experimentally validated and it is compared to the other energy control methods. The three 
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layer control system, which includes the energy control, the reference current formulation 

and converter control, are built within Matlab/Simulink environment and executed with the 

dSPACE 1103 real-time interface. In order to obtain the optimal values of the PI 

controllers, the Simulink Response Optimization toolbox was employed [151]. Also, the 

dSPACE 1104 board was utilized to control and adjust the pulse load and the steady state 

loads. In the following experimental test, the steady state load 1 and load 2 had power 

consumptions of 700-W and 300-W, respectively.  

6.6.1. Compared to CACC Method  

The developed ACVC technique and the CACC method are aimed at keeping the 

power converter at a relatively constant value to buffer the converter and the AC grid from 

power pulsation. Figure 6.7 shows the comparative analysis of the hybrid DC microgrid 

performance when the ACVC technique and CACC method are employed. In this 

experiment, the pulsed load was 2-kW at a frequency of 0.1-HZ and duty ratio of 20%. As 

can be seen, the ACVC and CACC methods had a similar performance; the energy control 

system adjusted the boost converter to a relatively constant 4.5-A, which is equal to the 

sum of the steady state load current and the pulse load time-averaged current. This resulted 

in a slight variation of common coupling DC bus voltage and allowed the supercapacitor 

to supply the pulsed load. During the pulse on-time, the supercapacitor bank was 

discharged to 314.7-V and was charged during the pulse off-time and the voltage increased 

to 322.6-V. Since the generated and consumed power were equal, the average voltage was 

always 320-V and the loads were continually supplied. 
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Figure 6.7: Experimental test results of ACVC and CACC technique during constant 

pulse load operation.  

In order to evaluate the transient and dynamic performance of the CACC method 

and the developed ACVC technique, various experimental tests are performed when the 

pulse load characteristics were changed. In the first case study, the frequency of the pulse 

load was changed while its duty ratio was constant. In this situation, the average of the 

pulse load will not change. Figure 6.8 shows the performance of the developed ACVC 

technique and the conventional CACC method when the pulse frequency changed from 0.1 

HZ to 0.2 Hz at t=30-s. As can be seen, the average of the current is constant and both 

methods are able to perform accurately during pulse load variations.  
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Figure 6.8: Experimental test results of CACC method and ACVC technique during test 

case 1. 

Figure 6.9 shows the experimental test results when the pulse frequency was 

decreased from 0.1-Hz to 0.2-Hz and its duty ratio was increased from 20% to 40% at t = 

30 s. As can be seen, in the case of the CACC method, 1.25 A pulse load average current 

was calculated initially and then it decreased slowly after pulse change happened. The slow 

response of the CACC method caused an imbalance between the injected power and the 

consumed power. As a result, considerable undervoltage occurred in the common coupling 
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DC bus, i.e. the average voltage dropped to 209.8-V in 40-s. The CACC method not only 

suffers from undervoltage during transient pulse load changes, but also a dangerous 

overvoltage may happen due to overpower estimation and slow response of the CACC 

method. It should be noted that the longer the CACC operates in a pulse load condition, 

the slower it will respond to pulse load variation. 

 

Figure 6.9: Experimental test results of CACC method and ACVC technique when pulse 
load frequency changes from 0.1-Hz to 0.2-Hz and its duty ratio increased from 20% to 

40%.  
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Figure 6.10: Variation of the normalized average DC bus voltage and the kv in the 
proposed ACVC technique when pulse load frequency changes from 0.1-Hz to 0.2-Hz 

and its duty ratio increased from 20% to 40%. 

Figure 6.9 also shows the results for a similar test when the ACVC technique was 

employed. As can be seen, the developed ACVC technique is able to track the pulse load 

variation very quickly and reduce the calculated average pulse load current from 1.25-A to 

2.5-A in 10-s. By employing the adaptive compensation gain kv , the ACVC method was 

able to effectively regulate the DC bus voltage and the injected power to the microgrid. 
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since the average voltage was less than 0.995 and the system was in normal operation zone. 

Then, the kv increased with a higher slope to a maximum of 1.21 when the system moved 

to the undervoltage zone. Once the voltage was completely compensated, the kv returned 

to 1 and the system worked in a new operation state.  

Figure 6.11 shows the experimental test results when the duty ratio was decreased 
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pulse load average current was calculated initially and, then, after pulse change happened, 

it decreased gradually. The overpower injection of the CACC method due to slow response 

caused considerable voltage increase of the DC bus. The result shows that the maximum 

of the DC bus voltage increased from 322.4-V to 324.2-V in 30-s.  

 
Figure 6.11: Experimental test results of CACC method and ACVC technique when pulse 

load duty ratio changes from 20% to 10%.  
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pulse load variation very fast and reduce the average pulse load current from 1.25-A to 

0.625-A in 10 seconds. By employing the adaptive compensation gain kv , the ACVC 

method was able to effectively regulate the DC bus voltage and the injected power to the 

microgrid. Figure 6.12 shows the kv variation during the test. The overestimated energy 

during transient time caused a small increase of the average bus voltage. Consequently, the 

kv is decreased to 0.9 based on the continuous average bus voltage measurements and the 

lookup table. Once the pulse load variation was tracked and the calculated energy was 

reduced, the kv returned to 1 and the system will work in a new operation state. Thus, the 

transient response of the system is highly improved and any steady state error or dangerous 

over voltage is prevented.  

 
Figure 6.12: Variation of the kv in the proposed ACVC technique when pulse load duty 

ratio changes from 20% to 10%. 

From the three test cases that performed for transient studies, it can be concluded 

that the developed ACVC technique is able to properly handle pulse load variation and it 

only requires the maximum pulse load period, which is considered as a known parameter 
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calculator function could be added to the controller. 
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Figure 6.13: Experimental test results of CACC method and ACVC technique when pulse 

load changed from 2-kW to 3-kW.  
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condition in which the DC bus voltage varied from 323.4-V to 313.6-V to support the 3-

kW pulsed power load while the average voltage was 320-V. In contrast, the CCAC method 

failed to properly track the pulse load variation and the ipav was slowly increased from 

1.25-A. The slow response of the CACC method is due to the large memory of the 

integrator and the continuous averaging characteristic of the CACC method. As a result, 

the average DC bus voltage was decreased from 320-V to 316.8-V in 40-s. 

The experimental test results show that the presented ACVC technique prevented 

any steady state voltage error or dangerous over voltage during transient and dynamic 

operation and its performance was effectively improved compared with the CACC method. 

6.6.2. Compared to IPC and LBVC Methods  

In order to prove the effectiveness of the developed ACVC technique in reducing 

the pulsed load disruptive effects, the performance of this scheme is experimentally 

compared to the LBVC and IPC methods. In the following experiments, the pulsed load 

was a constant 2-kW at a frequency of 0.1-HZ and duty ratio of 20%, while the steady state 

load 1 and load 2 were 700-W and 300-W, respectively. Comparative analysis of the hybrid 

DC microgrid and AC grid performances are shown in Figure 6.14 and Figure 6.15, 

respectively. 

 Figure 6.14 shows the common coupling DC bus voltage, the boost converter 

current, the bidirectional converter current and the pulse load current for the three different 

energy control methods. As can be observed, unlike to the ACVC technique, the IPC and 

LBVC methods caused considerable current and power pulsation of the converters. For the 

given case study, the ACVC technique caused 2.47% maximum DC bus voltage variation, 

which was 1.28% and 1.59% more than the IPC and LBVC methods, respectively.  
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Figure 6.14: Hybrid DC microgrid performance comparison when ACVC, LBVC and 

IPC methods were utilized. 
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state loads. Also, Figure 6.14 shows that the LBVC method only utilized the boost 

converter to supply the DC microgrid. Once the pulse load turned on, the converter reached 

its maximum power limit with a slow-front impulse and then asymptotically decreased to 

3.5-A when the pulse turned off.  

To further show the effectiveness of the ACVC technique and the consequence of 

converter current pulsation, the AC grid performance during the DC microgrid operation 

is shown in Figure 6.15. In the case of the ACVC scheme, the slack bus generator at bus 1 

continuously supplied 1.56-kW and its frequency was almost constant at 60-Hz. Also, the 

ACVC caused only a 2.9% voltage drop on the interconnected AC bus.  

On the contrary, the IPC and LBVC methods caused considerable power, voltage 

and frequency fluctuation in the AC grid. In the case of the LBVC method, the slack bus 

generator power raised from 1.1-kW to 2.87-kW. As a result, the AC grid frequency 

dropped to 59.44-Hz when the pulse was turned on and it increased to 60.24-Hz after the 

pulse ended. This power pulsation also caused a 9.10% maximum voltage drop in the 

interconnected AC bus. Similarly, the IPC method caused 2.02-kW power pulsation and 

considerable frequency fluctuation. When the pulse occurred, the generator frequency 

dropped to 59.28-Hz and returned to 60-Hz with a 0.31-Hz overshoot. Also, the maximum 

AC bus voltage drop in the case of IPC was 7.08%. These results show the improvement 

provided by the proposed ACVC scheme over the IPC and LBVC methods in reducing the 

impact of pulsed power loads on the AC grid. 
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Figure 6.15: AC grid performance comparison when ACVC, LBVC and IPC methods are 

utilized.  

In order to do more study on the effectiveness of the developed energy control 
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Figure 6.16: Hybrid DC microgrid performance comparison during the operation of high 

duty ratio pulsed power load. 

The test results show that, in this case study, all the energy control schemes required 

only the boost converter to support the DC grid through AC grid. The developed ACVC 

method adjusted the boost converter output current to a relatively constant 4.5-A. In 

contrast, the IPC caused power pulsation of the boost converter from 2.79-A to 6.27-A. 

Also, the LBVC set the output current of the boost converter to a maximum of 6.27-A and 

then decreased to 3.3-A before the next pulse occurred. The analysis of the DC microgrid 

ACVC 
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performance shows that similar to the previous case study, the developed ACVC method 

effectively eliminated the high current pulsation of the boost converter. However, the 

ACVC method causes slightly more DC bus voltage variation than the LBVC and the IPC 

methods. 

The AC grid performance during the DC microgrid operation for the three energy 

control methods is shown in Figure 6.17. In the case of the ACVC technique, the generator 

1 supplied 1.56-kW and its frequency was almost constant at 60-Hz. Similar to the previous 

case study, the voltage drop of the interconnected AC bus was 2.9%. In the case of the 

LBVC method, the slack bus generator power increased from 1.17-kW to 2.18-kW. As a 

result, the AC grid frequency dropped to 59.63-Hz when the pulse turned on and it 

increased to 60.25-Hz after the pulse ended. Also, the results show that the IPC technique 

caused 1.23-kW power pulsation and 0.72-Hz frequency fluctuation. Moreover, the 

maximum AC bus voltage drop in the case of LBVC and IPC was 6.16% and 5.71%, 

respectively.  

The performance of the AC grid shows that, similar to the previous case study, the 

developed ACVC method successfully prevents the negative impact of pulsed power loads 

on the AC grid. In contrast, the power pulsation and frequency fluctuation of the AC grid 

in the case of LBVC and IPC were considerable. The results show that the IPC control 

caused a little more frequency fluctuation than the LBVC in the case of a high duty ratio 

pulse load. This occurs due to the higher power pulsation of the slack bus generator and 

non-utilization of the battery bank. 
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Figure 6.17: AC grid performance comparison during the operation of low duty ratio 

pulsed power load. 

The performances of the ACVC strategy in comparison to the LBVC and IPC 

methods were studied for 2kW and 1kW pulse load. In the following, two more cases for 

4 kW and 1.3 kW pulse load were performed. In these experiments, the pulse load was 4-

kJ at a frequency of 0.1-HZ while the steady state load 1 and load 2 were 700-W and 300-

W, respectively. It should be noted that the IPC method was not able to supply the DC 

microgrid in the case of 0.1 duty ratio pulse load since the maximum power requirements 

for this energy control scheme was higher than the DC microgrid power limitation. 
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Comparison of the normalized DC bus voltage variation for different energy control 

methods is shown in Figure 6.18. It can be seen that, as the duty ratio increased, the 

common coupling DC bus voltage variation in all energy control methods decreased due 

to the decrease in pulse rate. The highest voltage variation occurred in the case of the 

ACVC method, while the LBVC method had the lowest voltage variation. The lower 

voltage variation in the case of the LBVC and IPC methods is a result of the higher power 

that is drawn from the AC grid.  

 
Figure 6.18: Normalized DC bus voltage variation comparison between the developed 

ACVC technique and the LBVC and IPC methods. 

Figure 6.19 shows the effect of pulse load characteristics on the maximum voltage 

drop of AC bus 1 for different energy control techniques. As can be seen, the developed 

ACVC technique successfully reduced the maximum voltage drop, which was less than 

4.8-V and it was nearly constant for different duty ratios. However, the LBVC and the IPC 

methods caused considerable voltage drop. Reducing the duty ratio of the pulse load 

increased the AC bus voltage drop since the absorbed power from the AC grid was 

increased. Maximum voltage drop in the case of LBVC was 12.5-V, which occurred when 

the duty ratio was 0.1. 
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Figure 6.19: AC bus voltage drop comparison between the developed ACVC technique 

and the LBVC and IPC methods.  

Also, the AC grid frequency fluctuations for different energy control methods are 

shown in Figure 6.20. The frequency fluctuation in the case of the ACVC method was 

effectively limited to less than 0.14-Hz. In contrast, the LBVC and IPC caused considerable 

frequency variation and it was inversely related to the pulse duty ratio. However, in the 

case of LBVC, the frequency variation was decreased when the duty ratio was reduced to 

0.1. This was due to the fact that the voltage drop of the DC bus was so high that the LBVC 

reduced the converter reference current very slowly when the pulse turned off. As a result, 

the frequency overshoot of the AC grid was avoided.  

 
Figure 6.20: AC grid frequency variation performance comparison between the 

developed ACVC technique and the LBVC and IPC methods.  
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Figure 6.21 shows the comparison of the system efficiency for different energy 

control techniques and pulse load duty ratios. It can be seen that the proposed ACVC 

method yielded higher efficiency than the LBVC and IPC methods. This is because of the 

fact that the power losses of the system are proportional to the square of the current and 

the ACVC technique reduced the maximum current of the converter. For the higher duty 

ratios, the system efficiency for IPC and LBVC methods approached the ACVC technique 

since the converter power pulsation was reduced and they were approaching the average 

power. In the case of the IPC method, the efficiency of the system was slightly increased 

when the duty ratio was decreased from 0.3 to 0.2. The higher efficiency in the case of 0.2 

duty ratio was because of the fact that 450-W of the pulse load was supplied through the 

highly efficient bidirectional converter and the battery bank. 

 
Figure 6.21: System efficiency comparison between the developed ACVC technique and 

the LBVC and IPC methods.  

The experimental test results for different pulse duty ratios further demonstrated 

the significant improvement achieved by the developed ACVC scheme in enhancing the 

system efficiency, reducing the AC grid voltage drop and frequency fluctuations. The DC 

bus voltage variation in the case of the ACVC scheme was slightly higher than the IPC and 

LBVC methods; however, it was always less than 4%, which was in an acceptable range. 
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6.7. Summary of the Results and Conclusion 

In this chapter, a new energy control scheme was developed to reduce the adverse 

impact of pulsed power loads for the grid connected hybrid DC power system. The 

proposed energy control was an adaptive current-voltage control (ACVC) scheme based 

on the moving average current and voltage measurement and a proportional voltage 

compensator. The performance of the developed ACVC technique was experimentally 

evaluated and it was compared to the other common energy control methods.  

The test results showed that the ACVC scheme has a similar performance with the 

continuous average current control (CACC) method during a constant pulsed power load 

operation. However, the transient response of the ACVC technique during pulse load 

variation was effectively improved and it prevented any steady state voltage error or 

dangerous over voltage. 

Also, the performance of the developed ACVC technique was compared with the 

limit-based voltage control (LBVC) and instantaneous power control (IPC) methods for 

different pulse rates and duty ratios. The comparative analysis showed that, although the 

maximum DC bus voltage variation in the case of the ACVC scheme was higher than the 

IPC and LBVC methods, the proposed ACVC technique required smaller power capacity 

of the converter and energy resources. Moreover, the developed ACVC method effectively 

eliminated the power pulsation of the slack bus generator and frequency fluctuation of the 

interconnected AC grid while the AC bus voltage drop was well reduced. Additionally, the 

efficiency analysis for different pulse duty ratios showed that the developed ACVC method 

considerably improved the efficiency of the system since the maximum current of the 

converter was reduced and the converter was operating at a relatively constant value. 
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 VIRTUAL TETS-BED MODELING FOR DYNAMIC AND TRANSIENT STUDY 

OF HYBRID POWER SYSTEM  

7.1. Introduction 

Hybrid DC microgrid power systems are becoming increasingly common in a host 

of applications. The design, energy management and power control of such systems are a 

fundamental concern. Moreover, protection of the system against short circuit faults needs 

to be fully studied. This section presents implementation and evaluation of virtual test-bed 

platform as an accurate model for hybrid power systems.  

The virtual test-bed models can be used to develop protection systems and test 

system-level performance. Also, the virtual test-bed model can be parameterized to 

optimize the design of the system and to improve the performance of the system in terms 

of efficiency, power quality and reliability.  

Also, the virtual test-bed provides an environment that is effective for design 

training and assistance. With predictive simulation, not only can an engineer perform 

analysis using real-time system parameters, but he can also simulate “what if” scenarios 

simply by taking action using the system model. For instance, using real-time data, the 

designer can simulate the impact of starting a large motor without actually starting the 

motor.  

In order to set the stage for the virtual test-bed modeling, this section begins with a 

description of the energy storage modeling. This is followed by an explanation of the four 

bus hybrid DC microgrid specification and modeling. Following the virtual test-bed 
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modeling description, the normal and transient performance of the microgrid is evaluated 

using both simulations and laboratory results.  

7.2. Modeling of the Energy Storage System 

A precise model of a hybrid power system for pulse load study shall provide an 

accurate model of the energy storage systems for a wide range of frequencies. In this 

section, the detailed models of the energy storage systems utilized in our virtual test-bed 

platform are presented. 

7.2.1. Supercapacitor Bank Modeling 

Several models of supercapacitors have been suggested in the literature for a variety 

of applications [39], [152]-[153]. Supercapacitors are usually modeled with resistive-

capacitive networks, which can be obtained through analyses in the time domain or 

frequency domain. Figure 7.1 and Figure 7.2 show the most common electrical equivalent 

circuits of a supercapacitor for pulsed power load applications. Figure 7.1 (a) is the 

supercapacitor’s classical first order approximation model. The model is comprised of 

three components: the capacitance CSC, which simulates the supercapacitor’s capacitance 

due to the double layer effect; the equivalent parallel resistance REPR , which represents 

self-discharging or the effect of leakage current; and the equivalent series resistance RESR 

, which models the supercapacitor’s ohmic loss and voltage drop during the charging and 

discharging process. 
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Figure 7.1: Electrical equivalent circuit models for supercapacitor: (a) first order model, 

(b) third order model with voltage dependent branch. 

Although the first order model is simple and its parameters can be easily extracted 

based on the manufacturer datasheet, this model is not able to capture the nonlinear rise 

and fall of the supercapacitor voltage, especially during fast charge and discharge 

processes. Therefore, for better accuracy, more detailed models are required. Figure 7.1 (b) 

is a third order supercapacitor model with a voltage-dependent differential capacitor in its 

first branch. Each of the three branches has a distinct time constant to reflect the internal 

charge distribution process and will result in easily measurable parameters. The first 

branch, with the voltage-dependent capacitor, dominates the immediate behavior of the 

supercapacitor in the time range of seconds while the second and third branches determine 

terminal behavior in the range of minutes and for times longer than 10 minutes, 

respectively. Also, a leakage resistor parallel to the terminals models the self-discharge 

property. Although this model is proper for low frequencies and for voltages above 40% 

of the rated terminal voltage, it may not have enough accuracy at high frequencies and 

lower voltage ranges. 

Figure 7.2 is a sixth order model of a supercapacitor using impedance spectroscopy 

and nonlinear least-squares fitting method. The electrochemical impedance spectroscopy 

is a method that allows the investigation of the complex impedance of electrochemical cells 
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in a wide frequency range from millihertz to megahertz. It should be noted that in the sixth 

order model, the circuit topology for each order is not unique; however, by proper 

spreading of the time constant of each branch, this model will have high accuracy in many 

applications, accounting for a frequency range of up to tens of kHz [152]. In order to 

prevent numerical oscillation, the simulation time step should be smaller than two times 

the time constant of the fastest branch.  

R5

C5 

iSC

C4 C3 C2 C1 

L R4 R3 R2 R1

vSC

 
Figure 7.2: Sixth order equivalent circuit models for supercapacitor bank. 

The virtual test-bed hybrid DC microgrid includes a 2.9-F supercapacitor bank and, 

as an energy buffer, delivers high instantaneous power to the pulsed load. The 

supercapacitor bank is composed of twenty Maxwell's 58-F, 16-V modules and rated 320-

V. The supercapacitor bank specifications are listed in Table 7.1. 

Table 7.1: Supercapacitor bank specifications.  

Type Maxwell (BMOD0058) 

Number of Cells 20 
Rated Capacity 2.9 F 
Rated Voltage 320 V 

Maximum Voltage 340 V 
Maximum Continuous Current  12 A (∆T= 15˚C) 

 

Since the transient and the dynamic characteristics of the hybrid DC power system 

are a concern, the sixth order ladder model of the supercapacitor bank is employed in our 
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virtual test-bed platform for this study. The detailed model parameters of a 2.9-F 

supercapacitor can be found in Table 7.2. 

Table 7.2: Sixth order model parameters of the 2.9-f supercapacitor bank. 
R1 1.02069 Ω C1 0.9193 F 
R2 0.17034 Ω C2 1.5428 F 

R3 0.05069 Ω C3 0.5481 F 

R4 0.05862 Ω C4 0.0594 F 

R5 0.22828 Ω C5 0.0008 F 

L 2.2413E-3 mH   

 
7.2.2. Battery Bank Modeling 

The lead-acid battery, which is commonly utilized in pulsed load DC power 

systems, is a complex and nonlinear device. Modeling of the lead-acid batteries for 

transient and dynamic operation analysis must account for the dependence of battery 

parameters on the battery state of charge, battery storage capacity and other internal 

phenomenon, such as self-discharge and internal heating losses. The analytical-electrical 

battery model suggested in [154]-[155] provides sufficient accuracy for an actively 

controlled battery energy storage system. In this method, the battery terminal voltage is a 

function of the battery internal voltage and its charge depletion based on equations (7.1) 

and (7.2): 

 0
( ) BqQ

U q U K Ae
Q q

−= − +
−

 
 
 

 (7.1)  

 ( )Batt batt

dq
V U q R

dt
= −  (7.2)  

Where K is the polarization constant, U0 is the internal voltage of the battery, Q is 

the battery capacity, A is the exponential zone voltage amplitude, B is the exponential zone 
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time constant inverse and Rbatt is the internal resistance of the battery. The detailed 

parameters of the 120-V lead-acid battery bank implemented in our simulation platform 

can be found in Table 7.3. 

Table 7.3: Battery model parameters. 

Parameter Specification 

Internal Voltage (U0) 130.65-V 

Battery Capacity (Q) 110-Ah 

Internal Resistance (Rbatt) 0.011-Ω 

Exponential Zone Voltage (A) 122.17-V 

Exponential Zone Time Constant Inverse (B) 0.367-(Ah)−1 

 

7.3. Virtual Test-Bed Model Implementation  

The hybrid energy storage power system and its interconnected test-bed power grid 

has been developed for power system studies, such as real-time control and operation, 

energy management, efficiency, power quality and reliability analysis of hybrid 

microgrids. The performance analysis of a four bus hybrid DC microgrid was presented in 

section 5. In this section, for transient and dynamic operation study, a virtual test-bed 

platform of this microgrid is developed on Matlab/Simulink environment. Figure 7.3 shows 

the schematic diagram of the hybrid DC microgrid virtual test bed. This simulation model 

and the components’ parameters are presented in detail in the following. 

The AC generators, which mainly supply the DC microgrid, are 3-kVA, 60-Hz, 

208-V, 1800-RPM synchronous machines coupled to individual induction motors as prime 
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movers. These generators are modeled via a synchronous machine model. Stator windings 

are connected in wye and its middle point is connected to an internal neutral point. 

In order to regulate the mechanical input power of the generator, the mechanical 

power Pm is set. The Pm and the reference voltage Vr is set by the generator controller. 

Thus, the machine speed is determined by the machine inertia and by the difference 

between the mechanical torque resulting from the applied mechanical power Pm and the 

internal electromagnetic torque Te. The detailed generator specifications utilized for the 

virtual test-bed model can be found in Table 7.4. 

As discussed in section 3, the generation stations are equipped with an automatic 

voltage regulator (AVR), which utilizes the feedback signal of the generators output 

voltage to regulate the bus voltage. In order to simulate the AVR function, the excitation 

system block is utilized. The excitation system is formed by the voltage regulator and it 

can be represented by the following transfer function between the exciter voltage Vfd and 

the regulator's output ef: 

 
1fd

f e e

V
e K sT

=
+

 (7.3)  

where the Ke and Te are the first-order exciter system gain and time constant, respectively. 

The Ke and Te are 1 and zero to set proportional relation between the exciter voltage and 

the regulator's output. 

In order to represent the stator terminal voltage transducer, a first-order low pass 

filter with a 0.02-s time constant is utilized. Also, the gain Ka and time constant Ta of the 

first-order system representing the main regulator are 300 and 0.001-s, respectively. 
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AS shown in Figure 7.3, the AC generators are connected to 3-kVA Y/∆ 

transformers to isolate the AC generators from the DC microgrid. This will prevent the 

even-order harmonics and the DC circulating current into the AC generators [45]. The 

specification of the galvanic isolation transformer can be found in Table 7.4. 

Table 7.4: AC side components’ parameters. 

Component Parameter Specification 

Generator  

SN 3 kVA 
VN 208 V 
FN 60 Hz 

LS , RS 6.87 mH, 1.45Ω 

Transformer 

Connection YD 
SN 3 kVA 
VN 208 V 

RTR , LTR 0.72 Ω, 2.29 mH 
 

The full diode bridge implemented in the virtual test-bed consists of six diodes 

connected in a bridge configuration. The snubber resistance and the snubber capacitance 

of the diodes are 100-kΩ and 0.001-µF, respectively. This will also avoid the numerical 

oscillations of the model during the simulation. In order to consider the internal loss of the 

diodes during conduction mode, a 0.001-Ω resistor is set as an internal resistance of the 

diode. 

In order to boost the voltage and to regulate the injected power of the battery bank 

to the grid, a buck-boost converter is implemented at bus 2. Also, two boost converters 

regulate the output power of the uncontrolled rectifiers to the DC buses. The detailed 

parameters of the converters are given in Table 7.5 . The configurations of the converters 

and their control strategy can be found in section 5.  
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Table 7.5: DC-DC converters’ parameters. 

Component Parameter Specification 

Boost Converter 

power rating 2500 W 

IGBT module SKM100GAL12T4 
switching frequency 5 kHz 

LBC , RLBC 6 mH, 0.21Ω 

Bidirectional Converter 

power rating 1800 W 

IGBT module SK45GB063 
switching frequency 5 kHz 

LBD , RLBD 6 mH, 0.20 Ω 
 

Figure 7.3 also shows the location and configuration of the AC and DC filters. 

These filters are implemented to filter out the harmonics to the AC generators and to 

smooth the output current of the boost converters. The specifications of each filter are listed 

in Table 7.6 .  

Table 7.6: AC and DC Filters’ parameters. 

Component Parameter Specification 

AC Filter LAF , RAF 12 mH, 0.31 Ω 

DC Filter 
LDF , RLDF 2.7 mH, 0.08 Ω 

CDF , RCDF 680 µF, 0.161 Ω 

Bus Capacitor CGC , RCGC 330 µF, 0.249 Ω 
 

The power lines for high voltage application are usually formed based on π-model, 

which emulates the power line through a series inductor and two parallel capacitors. 

However, since the medium and low voltage hybrid power system is considered in this 

study, the power lines are modeled via RL series impedance. The detailed specification of 

the power cable emulated in our virtual test-bed platform can be found in Table 7.7 . 
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Table 7.7: DC microgrid power line Parameters. 
Cable Length R (Ω/km) L (mH/km) R (Ω) L (mH) 

Line1-2 70m 1.41 0.357 0.0987 0.02499 

Line2-3 70m 1.41 0.357 0.0987 0.02499 

Line3-4 50m 2.24 0.430 0.112 0.0215 

Line1-4 40m 2.24 0.430 0.0896 0.0172 

Line2-4 100m 1.41 0.357 0.141 0.0357 

7.4. Evaluation of the Virtual Test-Bed Platform 

The notional hybrid DC microgrid, shown in Figure 7.3, has been implemented in 

our hybrid AC-DC power system test-bed. The three level control systems are built within 

the Matlab/Simulink environment and executed with the dSPACE 1103 board. Also, the 

dSPACE 1103 interface was utilized for the real-time monitoring and control of the system. 

The detailed model of the notional hybrid DC microgrid, explained in section 5, 

was also implemented in our virtual test-bed platform using the Matlab/Simulink software. 

The fixed step Euler solver was utilized. The fundamental sample time of the simulation 

model was adjusted to 10-µs. The performance of the hybrid DC microgrid during normal 

operation and transient fault condition were experimentally tested and the results are 

compared with the simulation model. 

7.4.1. Normal Operation 

Figure 7.4 shows the hybrid DC microgrid test results under normal operation 

condition. During this test, the power of the pulse load was 3250-W and its frequency was 

0.2-Hz, while its duty ratio was adjusted to 20%. . Also, the rated power of the dynamic 

load and the steady state load were 2250-W and 250-W, respectively. As can be seen, since 
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both boost converters were available, the required current of the grid was equally shared 

between the two converters, i.e. each converter injected 4.9-A to the grid. Figure 7.4 also 

shows the bus voltage variation. When the pulsed load ended, the voltage of the DC bus 

dropped to 310.6-V and it charged to 322-V before the next pulse occurred. Since the 

generated and consumed power levels were equal, the average supercapacitor bank voltage 

was always 320-V and its variation was 3.56%, which was less than the preset 5% limit. 

The simulation results of this case study are also shown in Figure 7.4. As the results show, 

the supercapacitor voltage variations, and the converters and the load current accurately 

followed the experimental test results, which validated the accuracy of the simulation 

model. 

 
Figure 7.4: Performance of the hybrid DC microgrid during normal operation. 
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Figure 7.5: Performance of the hybrid DC microgrid during transient condition when the 

boost converter at bus 2 fails at t = 10 s. 

7.4.2. Transient Fault Condition 

In order to test the self reconfigurability of the system and to evaluate the simulation 

model during transient conditions, the grid was tested with an outage that occurred in the 

first converter. The test result is shown in Figure 7.5. As can be seen, when the outage 

occurred at t = 10s, the energy management system sets the second converter to its 

maximum power limit, which was 8-A, and the rest of the power was provided by the 

battery bank through the bidirectional converter. The experimental results show that the 

bus voltage variation was properly regulated and the voltage variation was less than the 

preset 5% limit. The simulation result for the same case study is also shown in Figure 7.5. 
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The simulation results were consistent with the experimental test results. This agreement 

successfully validated both the experimental design of the system and the accuracy of the 

grid simulation model.  
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 DESIGN OF DC POWER SYSTEM WITH HIGH RELIABILITY 

8.1. Introduction 

While the advantages of the DC architecture are significant, the protection of 

multi-terminal and distribution DC systems has posed many challenges, such as accurate 

fault detection and location, proper grounding schemes, proper design of DC circuit 

breakers, fast isolation of faulted areas and self-reconfiguration capabilities, along with the 

lack of standards and guidelines. An advanced protection scheme should have self-

diagnosing and self-healing capabilities to reduce damage caused by short circuit faults 

and to provide continuous power to loads, even during system faults [112], [156][158]. The 

self-diagnosing capability of the system requires a well-designed protection scheme to be 

able to detect a fault very quickly and accurately locate the faulted area. Also, to realize 

the self-healing capability of the system, the switching devices should be properly designed 

and coordinated to enable fast transition from a fault condition to a normal operation. 

Moreover, choosing the appropriate grounding scheme is an important issue that involves 

many aspects of the power system, such as the reliability of the system, personal safety, 

transient overvoltage and insulation coordination of the system [159]-[160]. 

In the following, the key requirements for the protection of DC power systems are 

discussed. These requirements are the equipment survivability, personal safety, fault 

detection and location capabilities, system reconfigurability and ride-through capability. 

Then, different fault currents in DC systems are analyzed to provide guidelines to 

accurately set the protective relays and to properly design the protective devices. Also, 

various grounding topologies of DC power systems are explained and their advantages and 
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limitations are compared. Finally, different DC circuit breaker technologies are reviewed 

and the performances of these breakers are compared.  

8.2. DC Power System Protection Requirements 

Designing a protection system is a comprehensive issue that involves many 

challenges. In this section, the key requirements of DC system protection are discussed and 

design challenges are addressed.  

8.2.1. Equipment Survivability 

DC fault currents are severe in transients, which can cause considerable damage to 

the equipment, such as the power electronic converters and sensitive loads. In a DC system, 

the power supplies are the major fault current sources, however, the capacitors at the DC 

bus terminal and DC filters significantly contribute to fault currents, which cause very high 

short circuit currents during the transient fault periods [112]. Thus, the proper design of a 

protection system requires careful analysis of its fault current characteristics. Section 8.3 

discusses the fault current characteristics of different sources under various fault 

impedances.  

The amount of energy absorbed by a device during a fault is proportional to the 

integral of i2 over the transient fault period [161]-[162]. Thus, the maximum fault current 

amplitude, its shape and the fault clearing time are important factors that should be 

considered for a safe operation of the device. An advanced DC system should employ a 

protection scheme that quickly identifies a fault event and utilizes fast circuit breakers to 

minimize the fault clearing time and the maximum short circuit current.  
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8.2.2. Personal Safety 

Personal safety is one of the essential requirements of an electrical protection 

system. Particularly, arc flash can cause substantial injury to employees working on or near 

electrical equipment and can create further damage to the system. Thus, it is important to 

identify arc flash risk levels within the DC system and to adopt the necessary safety 

measures [163]-[165]. Moreover, the concern regarding retained charges on equipment and 

power lines is more significant for DC systems than it has been for AC [165]. As a result, 

the touch potential should be well considered when designing a DC system. This requires 

a proper strategy for the system grounding, which will be discussed in section 8.4. 

8.2.3. Fault Detection and Location Capabilities 

One of the most important aspects of a protection system is the fault detection and 

location algorithms embedded on the protection relays. These algorithms may require 

system current and/or voltage variables that can be locally measured and/or collected 

through communication networks.  The key design challenges of any fault detection and 

location scheme are: 

Speed: An advanced DC protection system should employ fast fault detection and 

location schemes to effectively limit the maximum fault current and minimize the system 

restoration time. 

Accuracy: Another design aspect of the protection system is accurate setting of the 

protection relay that needs a detailed fault current analysis of the DC system. The analysis 

should also identify the maximum and minimum short circuit current when a fault occurs 

in different zones of the power system. 
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Reliability: The implemented fault detection and location scheme need to be 

accurately set and well-coordinated to prevent malfunction. The system should also utilize 

a precise signal processing technique that avoids spurious switching on transients or noise.  

Simplicity: The protection scheme should employ fewer measurement devices and 

require less data from communication networks to reduce the complexity and the cost of 

the system. Also, the protection system should use uncomplicated fault detection and 

location algorithms to reduce the computation burden on the protective relays.   

Various fault detection and location techniques have been developed for a variety 

of applications and system configurations. These techniques are studied and analyzed in 

chapter 9 . 

8.2.4. System Reconfigurability 

A proper protection system should add reconfiguration capabilities to the grid so 

that the system could restore after the fault incident has been detected and the faulted area 

has been isolated from the grid. For this purpose, implementation of a proper number of 

disconnecting switches and circuit breakers, in addition to the multi-source and multi-

terminal capability of the grid, is essential [112], [166]-[167]. Moreover, the energy 

management system should be able to set the current or the voltage reference of power 

control devices based on the available energy sources and the required power of the loads. 

To this end, the energy management system may use a centralized control scheme [168]-

[170] or distributed control approach [170]-[173]. In terms of system reconnection, load 

shedding would be necessary if the power consumption of the grid is higher than the 

generated power [171]. 
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8.2.5. Ride-Through Capability 

In advanced DC systems, the critical loads should be designed so that they can ride-

through the fault disturbances without interruption. For a system with a clearing time of 

typically less than 30-ms, this feature can be achieved by utilizing a shunt hold-up capacitor 

and clamping diodes [112], [174]. Assuming that the grid nominal voltage is EN and the 

minimum acceptable voltage of the load is Emin, the required hold-up capacitor to maintain 

the load voltage can be found as: 

 ( )2 2
min

2 L cl
H

N

P tC
E E

=
−

 (8.1)  

where PL is the load power and tcl is the fault clearing time. 

It should be noted that for a high power load or for a protection system with a long 

fault clearing time, utilization of the hold-up capacitor may not be sufficient. In this case, 

implementation of a supercapacitor bank or a battery storage system as an uninterruptable 

power supply is necessary. 

8.3. Characteristics of DC Fault Current 

For a proper design of the protective devices and to accurately set the protective 

relays, detailed fault current analysis of the system is essential. In order to analyze the fault 

current of a DC system, consider the notional three bus MVDC network shown in Figure 

8.1. This system employs AC/DC converters at bus 1 and bus 3 to interface the AC sources 

to the DC network. Also, a battery bank at bus 2, acting as a DC source, is connected to 

the grid through a DC-DC converter. In a DC system, the power supplies are the main fault 

current sources, however, the DC capacitor filters significantly contribute to the fault 
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currents during the transient period. In order to drive the short circuit currents of the DC 

grid during the bus faults and the feeder faults, the equivalent circuit of the grid seen from 

the AC source at bus 1 is shown in Figure 8.2 (a). The AC sources connected through 

AC/DC converters typically provide  relatively low currents that are in the order of 150% 

- 200% of the converter rating currents and can be represented  as a current source during 

a transient period [112], [175]. It should be noted that the healthy operation of a converter 

is assured only when the antiparallel diodes across the solid-state switches are back-biased 

by the DC voltages of the bus capacitors [174]. During DC grid faults, the DC bus capacitor 

voltage drops, so the antiparallel diodes of the converter are biased and the converter can 

be modeled with only its equivalent resistance and inductance [112]. Thus, the AC source 

1, including its converter, is modeled as a current source in series with the RS1 and LS1 

branch, representing the equivalent resistor and inductance of the AC source and the 

converter, respectively. Also, the CB1, RCB1, Leq1, and Req1 shown in this model are the 

capacitance and resistance of the capacitor connected to the first bus, and the short circuit 

equivalent inductance and resistance seen from this bus, respectively. 

Using the KCL law, and assuming negligible DC bus voltage during the transient 

fault, the short circuit current of bus1, iB1 can be expressed as: 

 1 1 1B S CBi i i= +  (8.2)  

where iS1 and iCB1 are the current of the AC-DC converter and the DC bus capacitor, 
respectively. 
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Figure 8.1: Schematic diagram of a notional three-bus MVDC. 

Transient iS1 can be found by means of an equivalent star circuit model with six 

parallel branches, where the current of the jth branch can be expressed as (8.3) so that iS1 

is the envelope of the maximum values of iSBj  [175]. 

 1
0 1 1( ) ( ) ( ) S

t

SBj j S j Si t I Cos t Cos e τω ϕ θ ϕ θ
− = + − − − 

 
 (8.3)  

where τUR and ϴUR are the converter’s short circuit time constant and its impedance phase 

angle, which can be found as (8.4) and (8.5). Also, I0 is the steady state short circuit current 

of the branches and is given by (8.6): 

 1
1

1

S
S

S

L
R

τ =  (8.4)  

 1 1
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S S

EI
R Lω
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+

 (8.6)  
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where EAC is the rms nominal phase voltage, ω is its angular frequency and φj is the phase 

shift of the jth branch voltage with respect to a common reference. 

In order to find the iCB1 during bus fault (F1), a KVL can be applied across the loop 

that includes the DC bus capacitor as: 

 1
1

1 1

( ) 1 ( ) 0CB
CB

CB B

di t i t
dt R C

+ =  (8.7)  

Solving the differential equation (8.7) yields the transient iCB1 during a bus fault as: 

 1
1

1

( ) CBtN
CB

CB

Ei t e
R

τ−=  (8.8)  

where the time constant τCB1 is given by: 

 1 1 1 CB CB BR Cτ =  (8.9)  
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Figure 8.2: Equivalent circuit of the grid shown in Figure 8.2 during short circuit 
conditions: (a) seen from AC source at bus 1, (b) seen from battery bank at bus 2. 

Also, the transient fault current of bus 1 during the remote bus faults F2 – F3 and 

the feeder faults F4 – F6 can be given as an algebraic sum of iS1 and iCB1. During a pole-

to-pole fault, since the fault often has low impedance, it can be assumed that the DC bus 
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voltage during the transient fault is negligible. Thus, the iS1 can be found from (8.3). Also, 

application of KVL to the loop, including the DC bus capacitor and the short circuit 

equivalent inductance and resistance seen from first bus  (Figure 8.2 (a)), gives the 

following relation for iCB1 during the remote bus faults and the feeder faults. 

 
2

1 11 1
2

1 1 1

( ) ( ) 1 0CB eqCB CB

eq B eq

R Rd i t di t
dt L dt C L

 +
+ + =  
 

 (8.10)  

To solve the second-order differential equation (8.10), the damping factor ζF, can 

be defined as (8.11). In the case that ζF is smaller than unity, the iCB1 is underdamped and 

the corresponding solution to (10) can be found as (8.12) [112],. 

 1 1 1

12
CF eq F

eq
F

R R C
L

ζ
+ 

= × 
 

 (8.11)  

 ( )1 1 2( ) cos( ) sin( ) Ft
CB F Fi t A t A t e αω ω −= +  (8.12)  

where the attenuation factor, αDF the decaying oscillation frequency, ωF   and the constants 

A1 and A2 are: 

 ( )2

1 1

1 1F F
eq FL C

ω ζ= −  (8.13)  

 1 1
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 1 0CBA i=  (8.15)  
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1 1 0
2 0
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E R R i
A i

L
α ω

 − +
 = +
 
 

 (8.16)  

where iCB0 is the iCB1 before the fault occurs. 
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In order to analyze the fault current of the battery bank connected at bus 2, the 

equivalent model shown in Figure 8.2 (b) can be utilized. The parameters US2, RSU2, LC2 

and RC2 shown in this model are the internal voltage of the battery bank, the battery bank 

internal resistance, the DC-DC converter inductance and its resistance, respectively. Also, 

the CB2, RCB 2, Leq 2, and Req2  are the capacitance and resistance of the capacitor connected 

to the second bus and the short circuit equivalent inductance and resistance seen from this 

bus, respectively. It should be noted that the internal voltage of the battery US2 is a function 

of the charge drawn from the battery bank. However, during the transient fault time, the 

change in the internal voltage is small and it can be assumed to be constant. In the case of 

a short circuit fault at bus 2 (F2), the transient current of this bus is given by: 

 2 2 2B S CBi i i= +  (8.17)  

where the iCB2  can be similarly found as (8.8) and the iS2 is the DC_DC converter 

current. Application of KVL to the loop, including the converter impedance (Figure 8.2 

(b)), gives the following differential equation for the iS2: 

 2 2 2
2 2

2 2

( ) 1( ) ( ) 0S US C
S S

C C

di t R R i t U q
dt L L

+
+ − =  (8.18)  

Solving the differential equation (8.18), the transient iS2 can be found as: 

 ( )22
2

2 2

( ) 1 CtS
S

US C

U qi e
R R

τ= −
+

 (8.19)  

where the time constant τC2, is given by: 

 2
BD

C
Batt LBD

L
R R

τ =
+

 (8.20)  
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The short circuit current of bus 2 in the case of feeder faults and remote bus faults 

(F1 and F3 – F6) can be given as an algebraic sum of iCB2 and iS2. In this case, the iCB2 can 

be found similar to (8.12) and the iS2 can be found based on (8.19) with the consideration 

of the equivalent inductance and resistance of the fault. 

The analytical analysis given in this section can be effectively utilized for the 

calculation of the fault current parameters, such as the maximum fault current, its derivative 

and the time it takes to reach the maximum value. These data provide essential guidelines 

for the accurate setting of the protection relays and the proper design of the protective 

devices. 

8.4. Grounding Scheme of DC Power System 

The grounding scheme in a DC power system is a very important issue that highly 

affect both the transient short circuit current and overvoltage of the system, and also its 

fault detection and protection capabilities [159], [160], [177]. The grounding configuration 

of DC power systems can be divided into three types, which are the ungrounded system, 

resistance grounded system and solidly grounded system in middle point. These grounding 

schemes are explained here in detail and their advantages and limitations are compared. 

8.4.1. Ungrounded DC System 

Compared with other grounding methods, the ungrounded DC power system has a 

better continuity of power supply, as it allows the system to operate for a while when single 

pole ground fault occurs. Also known as a floating system, the ungrounded DC grid 

considerably reduces ground leakage current, as well as the system corrosion level [178]. 
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Moreover, since this grounding scheme doesn’t need any device to be connected to the 

ground, it is technically simple in its implementation and has a low installation cost. 

Although an ungrounded system is able to normally operate with a single pole 

ground fault, it is critical to detect and mitigate the problem. This is because of the fact that 

a second ground contact in another pole can cause a pole-to-pole fault and significant 

system damage. However, a single pole ground fault detection and location in an 

ungrounded system is very difficult, as it is seen similarly by different detectors in the 

system due to the low ground current [179]-[181]. Another disadvantage of this 

configuration is that, without a DC path to ground, the presence of even small leakage 

currents can cause an unpredictable DC offset since there is no DC reference point for the 

DC bus to be balanced [182]. Additionally, ungrounded components can have electrical 

noise problems throughout the system, e.g. in a motor’s encoder wiring and circuitry, noise 

may cause erroneous information, such as missing encoder pulses [183]. Moreover, the 

equipment in the floating DC system requires an insulation level corresponding to the full 

DC voltage against the ground needed to withstand unbalanced voltage conditions. Hence, 

for high-voltage applications, there are higher cable costs, occupied space and weight when 

compared to the solidly grounded system [182]. 

8.4.2. Resistance Grounded System 

The second possible method of the DC power system grounding is to connect a 

resistor with a certain value between either of the poles to the ground. Figure 8.3 (a) shows 

this grounding configuration for an AC/DC converter that is connected to a DC bus. Figure 

8.3 (b) shows an alternative configuration in which two impedances, Zp in series are 

connected to the DC buses while the middle point is grounded. The Zp can be a properly 
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sized resistor or a resistor and a capacitor in parallel. This configuration, which is also 

known as the virtually grounded system, is mostly utilized in DC power systems without a 

neutral point and in an application such as in flexible HVDC systems [157], [176]-[184]. 

As the resistor continuously dissipates DC power, there is a practical limitation on how 

small it may be. Also, increasing the size of the grounding resistor will increase the 

possibility of a voltage unbalance in the system and the time it takes to restore balance if 

an unbalance occurs. In the case of a DC power system with a neutral point, the resistor 

can be connected to the neutral point to limit the power loss during normal operations. 

Figure 8.3 (c) shows the configuration of a symmetric bipolar AC/DC converter with a 

neutral point that is grounded via a resistor. Other examples of a bipolar DC (BPDC) 

system that can be grounded via resistor in the neutral point to avoid power loss include a 

neutral-point-clamped inverter (NPCI), a twelve pulse uncontrolled rectifier and a series of 

two battery storage banks [112], [157], [185]. 

One of the advantages of the resistance grounded system is that there is a small 

current and voltage transient in the case of a ground fault and as a result, during a single 

pole ground fault, the system is able to continuously operate and supply the loads [177], 

[181], [182]. Also, the resistance grounded system reduces the concern for transient high 

overvoltage due to single pole ground faults [159]. However, in the case of small ground-

fault currents, it is difficult to measure and detect the fault, and as a result, the metal 

enclosures of the loads may be energized. Also, during a single pole ground fault, the 

insulation of equipment connected to a healthy pole has to withstand the full bipolar DC 

voltage until a fault is removed. Moreover, in the design of this grounding system, the safe 
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operation of the sensitive loads during changing the pole-to-ground voltage must be 

ensured. 

 
Figure 8.3: Grounding scheme of DC power system. (a), (b) and (c) are the resistance 

grounded DC power system. (d) is a solidly grounded system in middle point. 

8.4.3. Solidly Grounded System 

In the solidly grounded BPDC power system, the ground point is electrically 

centered between the positive DC bus and the negative DC bus at the neutral point. Figure 

8.3 (d) shows this grounding configuration for the NPCI system. Compared with other 

grounding methods, this configuration causes a larger ground current and a higher dc-link 

voltage transient. However, with a well-designed protective relay, the fault can be easily 

detected and it can be quickly cleared. Additionally, using proper arrangement of the 

disconnecting switches and circuit breakers, the system can continue to operate at half 

power during the time that the faulted pole is out of service [112], [182]. Another advantage 
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of this configuration is that, the equipment and the cables require an insulation level of half 

DC pole-to-pole voltage. As a result, the system has lower cost, space and weight. 

Table 8.1: Comparison of different grounding schemes for DC power system applications. 

 Ungrounded 
Grounded with 

Resistor 
Solidly Grounded 

 MPDC BPDC MPDC BPDC MPDC BPDC 

Safety Low Low High High High High 

Short Circuit 
Current 

Very 
Low 

Very 
Low 

Low Moderate Low High 

Transient 
Overvoltage 

High High Moderate Moderate Low Low 

Insulation 
Level 

Nominal 
Voltage 

Nominal 
Voltage 

Nominal 
Voltage 

Nominal 
Voltage 

Nominal 
Voltage 

Half 
Nominal 
Voltage 

Grounding 
Power Loss 

No No Yes No No No 

Stray Current 
Very 
Low 

Very 
Low 

Moderate Moderate Low Moderate 

Ability to 
Operate 
During Ground 
Fault 

Yes Yes Yes Yes Yes 
Half 

Nominal 
Power 

 

Although a solidly grounded system in a monopole DC (MPDC) power grid is 

possible through direct connection of the negative pole to ground, it is not recommended 

for many applications due to corrosion and safety issues [182], [186]-[187]. The study 

presented in [187] has shown that the cumulative leakage current in the solidly grounded 

monopole traction system is approximately 30 times larger than the one in the ungrounded 
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traction system during both acceleration and deceleration modes. In such a system, the 

negative pole can be connected to the ground via a diode circuit to eliminate the problems 

of stray-current corrosion and to keep bus potentials at a safe level [186]-[187]. Depending 

on the application, the conduction voltage threshold of the diode is usually adjusted in the 

range of 10-V to 50-V [187]. 

In order to summarize the analysis presented in this section, comparative analysis 

of different grounding schemes for a MPDC system without a neutral point and a BPDC 

arrangement with a neutral are given in Table 8.1. 

8.5. Circuit Breakers and Disconnecting Switches 

As discussed in section 8.2, the development of an advanced protection scheme in 

DC power systems requires proper design and implementation of circuit breakers to 

effectively limit the fault current and isolate the faulty section in a DC grid. However, there 

are many challenges involved in designing a circuit breaker in a DC power system. Due to 

the absence of zero crossings in the DC current, the breakers have to interrupt the fault 

currents and dissipate a large amount of energy very quickly. Moreover, the inductance of 

a DC system is generally low, which leads to a very high rate of rise of fault current. Hence, 

the fast fault current interruption capabilities of the DC breaker are very important. In this 

section, various circuit breaker technologies developed for DC systems have been reviewed 

and the performances of these breakers are compared in terms of the design and control 

complexity, cost, operation time, and power losses. 
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8.5.1. Fuses 

Fuses are self-triggered protective devices that offer short-circuit and overcurrent 

protection for a wide range of DC power system applications for voltage levels up to 36-

kV [188]-[191]. Fuses can be ideally utilized in DC distribution networks having a low 

inductance and a high di/dt that keeps the time for the fuse to reach its melting point to a 

minimum [191]. The main disadvantage of the fuses is that they are one-time devices and 

must be replaced when the strip or element melts. As a result, the reconfigurability of a 

system that is protected by fuses is very low. Moreover, from the standpoints of safety and 

reliability, fuses are not a good solution, as they only trip the faulted line, leaving the 

unfaulted pole energized, which makes the fault detection process complicated. Thus, in 

an advanced DC system, they are only adopted as a backup protection for the main circuit 

breaker. 

8.5.2. Mechanical Circuit Breakers 

In the past decades, various mechanical circuit breaker (MCB) topologies have 

been developed for DC power system applications. The main concept of the MCBs is to 

supplement a conventional mechanical AC circuit breaker (MACCB) with a resonance 

circuit to create a current zero crossing for fault current interruption. In these systems, the 

resonance circuit can be directly connected to the main breaker, known as passive MCBs 

[192]-[195], or it can be actively connected through switching devices [196]-[201]. Figure 

8.4 shows the basic topology of a passive MCB. In this configuration, once the MACCB 

is opened, a negative growing oscillation current is generated by the resonance circuit. This 

current ultimately exceeds the amplitude of the fault current, hence, a zero crossing in the 

MACCB is realized and the fault current is interrupted. In an active MCB, the capacitor of 
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the resonance circuit is pre-charged and it is connected to the system once the MACCB is 

opened. As a result, the maximum resonance amplitude can be immediately reached that 

speeds up the MCB’s operation. In order to further reduce the interruption time, the 

frequency of the oscillation current should be increased. This requires implementation of 

an MACCB with a high rate of rise current interruption capability [199]-[200]. Although 

the cost of the MCBs is lower than the other technologies, their operation speed is very 

low. Generally, the current interruption time of the MCBs is 30–100 ms, which might be 

adequate for a system with line commutated current-source converters and a transmission 

system with low speed protection [202]-[205]. 

ZNO

MACCB

Lc Cc

 
Figure 8.4: Configuration of the passive MCB. 

8.5.3. Solid-State Circuit Breakers 

A solid-state circuit breaker (SSCB) can be built using various semiconductor 

devices, including the integrated gate-commutated thyristor (IGCT) and insulated-gate 

bipolar thyristor (IGBT) [177], [205]-[207]. The topology of a unidirectional SSCB 

consisting of a single power semiconductor is shown in Figure 8.5. In this configuration, a 

surge arrester in series with a freewheeling diode is connected in parallel to the DC bus. In 

normal condition, the semiconductor device remains at the ON-state and leads the load 

current. When the semiconductor is turned off after detecting a fault, the fault current 

commutates to the freewheeling diode and suppresses the surge voltage. Alternatively, the 
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surge arrester can be directly connected in parallel with the semiconductor device [205]-

[207]. However, this will result in a higher rating and volume of the surge arrestor [208]. 

Snubber 

Power Semiconductor ZNO VdcVdc

 
Figure 8.5: Schematic of a Unidirectional SSCB system. 

Figure 8.6 also shows the circuit configuration of a bidirectional SSCB consisting 

of two back-to-back power semiconductors. It should be noted that the ratings of the SSCB 

are determined by the voltage and current ratings of the utilized semiconductor devices. 

Thus, for high-voltage applications, series connection of multiple semiconductor devices 

is necessary. In this case, a similar resistor should be connected in parallel to switching 

devices to maintain voltage balance in steady states. Also, in order to balance the voltage 

of the semiconductor device during turn-off transients, a snubber circuit can be utilized, as 

shown in Figure 8.6, to realize zero voltage switching [206], [208]. 

Snubber 

Power Semiconductors
ZNO Vdc

Vdc ZNO

Snubber 

 
Figure 8.6: Schematic of a Bidirectional SSCB system. 

The main advantage of the SSCBs is that they are very fast and are able to operate 

in microseconds. As a result, the utilization of the SSCBs and a protection system with fast 
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fault detection capabilities enable the system to interrupt the fault current before it reaches 

its maximum level. Moreover, the SSCBs have a superior acoustic performance and lower 

maintenance costs when compared with other technologies. However, the power losses of 

the SSCBs in steady state operation are considerable and some mitigation, especially for 

high-voltage applications, is required. 

8.5.4. Hybrid Solid-State Circuit Breakers 

In order to reduce the breaker power losses during normal operation, a hybrid high 

voltage circuit breaker (HHVCB) consisting of a SSCB and an additional bypass branch is 

suggested [209]-[210]. The bypass branch is formed by a load commutation semiconductor 

in series with a fast mechanical disconnector. Figure 8.7 shows the topology of a 

bidirectional HHVCB system. During normal operation, the current will only flow through 

the bypass branch, and the current in the main semiconductor branch is zero. During faults, 

the load commutation switch immediately commutates the current to the main SSCB and 

the fast mechanical disconnector opens. 

For proper operation of the HHVCB, the main SSCB must be able to break the peak 

fault current, and withstand peak DC voltage. Since the mechanical disconnector opens at 

zero current with low voltage stress, it can be realized as a disconnector with a lightweight 

contact system. Also, the load commutation switch should be rated for full transmission 

line current but only for conduction drop on SSCB switches, which is typically in the kV 

range for a 320 kV HVDC breaker [209].  
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Figure 8.7: Hybrid circuit breaker for high-voltage applications. 

8.5.5. Galvanic Isolator 

One of the disadvantages of the SSCBs and HHVCBs is that they do not provide 

galvanic isolation. Thus, for the safety issues and in order to interrupt the leakage current 

after the SSCB operation, implementation of galvanic isolators is essential [177], [206], 

[208]. Galvanic isolators, also known as disconnecting switches, realize physical isolation 

through a mechanical method. Figure 8.8 shows the configuration of the circuit breaker 

with galvanic isolation capability. This system is composed of a main SSCB or HHVCB 

for high fault current interruption through semiconductor devices and two secondary 

galvanic isolators for isolation of the two feeders. The controller activates the galvanic 

isolator when the HHVCB interrupts the fault current and the leakage current is decayed 

to a predetermined level. 
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Figure 8.8: Circuit breaker with galvanic isolator. 

8.5.6. Fault-Tolerant Converters 

Utilization of the semiconductor-based, fault-tolerant DC-DC converters is an 

alternative approach to break DC fault current and isolate the faulty section in a DC system. 

Examples of such a converter are the half bridge chopper [211], full bridge chopper [212], 

and LCL thyristor converter [213]. In addition to fault current breaking capabilities, these 

converters can provide the voltage stepping and power regulation services to a DC grid. 

Since the fault-tolerant converters use inherent characteristics of the converter to block the 

current when the voltage on the DC buses drops, they can perform very fast and they do 

not require fast protection systems [207]. However, compared with SSCBs and HHVCBs, 

the fault-tolerant converters have high switching and conduction power losses, very high 

costs and are more complex. As a result, applications of these converters are limited to the 

system in which the voltage and power regulation capabilities of the converter are in 

demand, and also for critical loads connected to a DC system with low speed protection. 

8.5.7. Superconductive Fault Current Limiter 

The superconductive fault current limiter (SFCL) has been extensively studied for 

both AC and DC systems in the past decades [214]-[220]. The SFCLs make use of the 

physical property of the superconductors, that is they lose their zero resistance when the 
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current density of the conductor reaches above a critical value [216]-[217]. Depending on 

the configuration and the operation principle, the SFCLs in DC power systems can be 

classified into resistive SFCL (RSFCL) and inductive SFCL (ISFCL). An RSFCL consists 

of a superconducting wire that is directly connected in series with the DC feeder 

[214][214]-[215]. 

Vdc Vdc

RSFCL

Shunt Resistor

Rsh

 
Figure 8.9: RSFCL configuration. 

The main advantages of the RSFCL are the simplicity and compactness of the 

system. However, due to the heating of the superconductor during the fault, the cooling 

and recovery time of the RSFCL are of concern [217]. The ISFCLs are composed of the 

superconductive coils wound on an iron core that can be directly connected in series with 

a feeder [218], or actively connected through power electronic converters [219]-[220]. The 

ISFCLs are able to provide large current limiting impedance, while utilizing less 

superconductive wire. 

Figure 8.9 shows the configuration of an RSFCL utilized for DC feeder protection. 

It should be noted that, in high-voltage applications, the fault current level is very high and 

the direct connection of RSFCL leads to a significant increase of superconductor 

temperature. Consequently, it takes a long time for the superconducting coil to be cooled 

enough and return to its superconducting zone after the fault has been cleared. Thus, the 
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implementation of a shunt resistor in such a system is necessary. The shunt resistor should 

be designed so that the RSFCL limits the fault current effectively, while the cooling process 

and system restoration after fault clearance is expedited. 

Vdc 2

Vdc 2

Vdc

ISFCL

 
Figure 8.10: Passive ISFCL configuration. 

In a DC system, an inductor can suppress the sudden increase of the fault current 

and it can effectively limit the changing rate of the current. However, the stored magnetic 

energy in an inductor in normal operations is very large and its transient voltage at the 

instance of the circuit breaking is considerably high. Thus, in [218], the authors have 

developed an ISFCL, as shown in Figure 8.10. In this configuration, the magnetic flux in 

the iron core of the inductor in normal operation is zero since the magnetic motive forces 

induced by the positive and the negative current cancel each other. On the other hand, in 

the case of a single pole-to-ground fault, the ISFCL suppresses the sudden increase of the 

short-circuit current as it generates a large counter voltage. Also, in the case of a pole-to-

pole fault, the fault current is limited by the high, normal conducting resistance of the 

superconducting coil after the quench. 
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Figure 8.11: Active ISFCL configuration. 

The circuit structure of an active ISFCL with the hybrid AC-DC power system is 

shown in Figure 8.11.  The system is composed of two superconducting coils wound on an 

iron core. The first coil is connected with the AC power system through the PWM converter 

and the second coil is in series with the DC power system. During normal operation, the 

ISFCL presents very low power losses as a superconducting transformer’s primary leakage 

impendence, which has little influence on the DC system. In the case of a fault, the current 

of the DC system will rise rapidly, and the magnetic energy in the superconducting coil 

will increase. During this time, the increased energy is transferred to the AC system 

through the PWM converter to suppress the fault current of the DC system. In addition to 

its fault current limiting capability, an active ISFCL can act as a power filter for the AC 

distributed network through active and reactive power exchange between the DC and AC 

systems [219]-[220]. 

Since the SFCLs are not able to completely interrupt the fault current and usually 

cannot withstand high voltages, disconnectors have to be placed in series. Although the 

SFCLs with significant improvements in design were built and successfully tested, 

especially in the AC distribution network [221]-[222], they are still immature and their 

costs are very high. 
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Table 8.2: Comparison of different circuit breaker technologies for DC power system 
applications. 

 MCB SSCB HHVCB 
Fault-

Tolerant 
Converter 

SFCL 

Cost Low Moderate Moderate High 
Very 
High 

Operation Time 
30–100 

ms 
100 – 200 µs 

500µs–1 
ms 

100 – 200 
µs 

< 2 ms 

Complexity Low Low Moderate High Immature 

Power Loss 
> 0.001 

p.u. 
0.001 – 0.02 

p.u. 
> 0.001 

p.u. 
0.02 – 0.05 

p.u. 
> 0.001 

p.u. 

High Speed 
Protection System 
Requirements  

No Yes Yes No No 

Inherent Galvanic 
Isolation 
Capability 

Yes No No No No 

 

In order to summarize the analysis presented in this section and better compare DC 

circuit breaker technologies, the characteristics and performances of various circuit breaker 

technologies are summarized in Table 8.2. 

8.6. Conclusion 

This chapter presented a comprehensive study on the design challenges for the 

protection of multi-terminal and distributed DC systems. The key requirements for the 

protection of these systems in terms of equipment survivability, personal safety, fault 

detection and location capabilities, system reconfigurability and ride-through capability 
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were discussed. This study also presented a detailed fault analysis for multi-terminal DC 

lines and distributed system. The presented analysis provide essential guidelines for the 

proper design of the protective devices and relays and the accurate calculation of the fault 

current parameters such as the maximum fault current, its derivative and the time it takes 

to reach to the maximum value.  

Various grounding topologies for DC power system were explained and their 

advantages and limitations for both monopole DC and bipolar DC systems were compared. 

It has been shown that the selection of the grounding topology not only effects the personal 

safety and insulation coordination of the system but also has significant impacts on the 

transient short circuit current behavior and the fault detection and protection capabilities of 

the system. Thus, through a comprehensive analysis, the grounding system should be 

designed based on its practical limitations and its impacts. More detailed studies need to 

be done on using advanced grounding schemes, using a mixed configuration or active 

components at the grounding locations to achieve a better performance while the cost and 

complexity of the system are minimized. 

In this study, various circuit breaker technologies, as important tolls for fault 

isolation and system restoration, have been studied. The operation principle and 

configuration of these devices were explained and their performances have been compared 

in the terms of cost, operation time, complexity, power loss, protection speed requirements 

and galvanic isolation capabilities. Currently, much progress is being made in increasing 

the voltage capability of the silicon power semiconductors. Use of new wide bandgap 

power semiconductor devices, such as silicon-carbide (SiC) and gallium-nitride (GaN) and 

their future improvement are expected to highly increase the voltage and power rating of 
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solid-state circuit breakers (SSCBs) and hybrid high voltage circuit breakers (HHVCBs). 

Furthermore, developing a new topology and optimizing the existing mechanical circuit 

breakers (MCBs) and HHVCBs are of interests as a future research subject with the goals 

to improve the power and voltage rating of the circuit breaker and reduce the interruption 

time and the cost of the system. 
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 FAULT IDENTIFICATION AND LOCATION TECHNIQUES IN DC SYSTEM 

9.1. Introduction 

In the last decade, multi-terminal and distributed DC power systems have been 

widely researched and developed, having numerous advantages over the existing AC 

network, such as higher energy efficiency, improved reliability, higher power quality, 

better energy systems integration and eco-friendliness [111]-[112]. High voltage DC 

(HVDC) transmission lines have been increasingly used to provide a cost-effective solution 

for transferring power over long distances with enhanced power flow controllability [156]. 

Also, multi-terminal HVDC grids offer a better integration of renewable energy resources 

like offshore wind farms and photovoltaic generations [157]. At lower voltage and power 

levels, medium voltage DC (MVDC) and low voltage DC (LVDC) distribution systems 

can be effectively utilized in various systems, such as electric traction systems, 

telecommunication and data centers, and for shipboard and aircraft systems [112], [156]. 

Moreover, DC distribution systems have the potential to better support future smart grids 

in realizing a high penetration of distributed renewables and electric vehicles [156]. In 

order to protect DC systems from short circuit faults, various protection schemes have been 

developed for different applications and voltage levels. The key design challenges of a fault 

detection and location scheme have been discussed in chapter 8. In this chapter, the 

operation principle and applications of various fault detection and location techniques 

suggested in the literature are presented and their advantages and limitations are discussed.  
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9.2. Differential Protection Scheme  

Differential protection is a common unit protection scheme, which operates by 

comparing the current magnitudes and the relative directions at the boundaries of a 

specified element within a network [223]-[228]. Figure 9.1 shows the configuration of this 

protection strategy for feeder protection. Assuming that iin and iout are the current at each 

end of the protected element, the difference of the two reading currents is:  

 in outi i i−∆ =  (9.1)  

When Δi exceeds a predefined threshold, a fault inside the protected element is 

identified and then appropriate commands will be sent to the protective switches to separate 

the element from the network. 

Since the differential protecting scheme monitors only the relative difference of the 

input and the output current of an element, it can detect the fault regardless of the fault 

impedance and the fault current amplitude, facilitating effective protection coordination in 

the network. However, technical and economic barriers exist in the deployment of the 

differential protection scheme in multi-terminal and distributed DC systems. In this 

protection scheme, current measurement sensors have to be installed in each of the 

protected element terminals and the system requires communication links between 

terminals. The main challenge in the implementation of the differential protection scheme 

is the requirement for fast and accurate data synchronization, especially under high di/dt 

conditions. Based on (9.2), for any fault external to a protected element, the Δi should be 

almost zero. However, where the time delay between the iin and iout measurements equal 

to Δt exist, a nonzero differential sum can result in relay mal-operation. The study in [228] 

has shown that a 10-µs time delay can cause Δi calculation errors of up to 75% of the fault 
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current when the fault occurs external to a protected feeder in a 400-V DC distributed 

system. 

 ( ) ( )in outi i i t tt∆ − −= ∆  (9.2)  

Vdc

Power Line 1

Power Line 1

VdcS21

S21'S21'

S12

Bus 1 Bus 2

Differential 
Protection Unit

Measurement Link

Protection Signal Link  
Figure 9.1: Differential protection scheme. 

The second design challenge involved in the implementation of differential 

protection is the fault detection and isolation time in multi-terminal and DC distribution 

systems. The existing differential protection schemes implemented in AC systems require 

around 20 to 40 ms for proper operation, which is much higher than the operation time that 

is needed for DC system applications. It should be noted that the main factor that prevents 

the operating time reduction in an AC system is the need for individual current 

measurement and phasor comparison, which is around 20 ms for each cycle. However, this 

phasor current measurement is not the issue in DC systems, where only current magnitudes 

need to be compared. Moreover, as DC current is measured using a current transducer 

rather than via a current transformer (utilized in AC systems), the sensor output will be 

voltage, which facilitates easier integration with digital protection relays [228]. 
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Assuming that the time it takes Δi to reach a predefined threshold is tΔi , the total 

operation time of a differential protection scheme tOP , can be given as: 

 iOP RCBt t t t∆ + +=  (9.3)  

where tCB is the circuit breaker operation time and tR is the relay processing time. 

In order to highlight the practical speed of this protection scheme, assume that a 

hybrid circuit breaker with 500 µs operation time is implemented in a distributed system. 

Also, the tΔi is 10 µs and the tr is 500 µs. Thus, the total operation time of this protection 

scheme will be around 1ms. 

In addition to the necessity of accurate synchronization, the high number of 

measurement points and the requirement for the communication network increase the 

complexity and the cost of the system, and reduce its reliability due to communication and 

equipment failures. However, with the increasing implementation of distribution systems 

and smart grid concepts [229], further sensors and communication technology 

development are expected in the near future. 

9.3. Handshaking Protection Scheme 

The handshaking scheme is a protection method that can be utilized to detect and 

isolate various line-to-line faults and line-to-ground faults in a multiterminal DC system. 

In order to explain the principle of the handshaking scheme, assume a positive line to 

ground fault occurs on one of the lines of a DC bus in a multiterminal system. In this case, 

the current direction of the faulted line is always positive (going out from the bus to the 

fault point), while the current flows in the negative direction on the other healthy lines of 

the DC bus. For instance, for the multi-terminal DC system shown in Figure 8.1, if a fault 
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F1 occurs, the protection equipment of bus 1 detects a positive fault current in line 1 while 

the current of line 3 is negative. Thus, the line with a positive fault current can potentially 

be the faulted line, whereas the line with a negative fault current is healthy.  

In [166], Tang et al. developed and verified a handshaking method to locate and 

isolate the faults on a multi-terminal DC network. In the developed scheme, two important 

roles were defined for selection of the potential faulted line to disconnect its DC switches 

and for reclosing the DC switches of the healthy line to restore the system. The role of the 

potential faulted line selection in the case of a positive line to ground is that the protection 

unit of each bus should identify and disconnect the line carrying the largest positive DC 

fault current. This role ensures that the faulted line is selected if one of the lines of the 

protected DC bus has a fault. In the case that none of the lines of the DC bus has a fault, 

the line with maximum positive current can be different and the selected line doesn’t 

matter. Once the potential faulted lines and their corresponding switches are selected, the 

power units of all DC buses are set off to shut down the grid. Afterward, the selected DC 

switches will be disconnected when the current of the line is decayed to a predefined 

threshold. The next step in the handshaking scheme is to identify the exact faulted line and 

keep its DC switches open while the other DC switches of the healthy line should be 

reconnected to restore the system. For this purpose, the power unit of all DC buses should 

be turned on and the rule for reclosing of the DC switches is that the potential faulted line 

is healthy and its switch can be reconnected if the DC line has been energized through the 

other end switch. Since the faulted line has been disconnected at both ends, it will remain 

disconnected and isolated from the grid and as a result, the system can restore properly. 
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Figure 9.2: Illustration of the potential faulted line Selection in the handshaking method. 

In presenting the handshaking protection scheme, consider the three bus multi-

terminal DC system shown in Figure 8.1. Also, assume a positive line to ground fault F2 

has already been detected by a fault detection scheme, such as fault current amplitude or 

current derivative technique. The next step in the handshaking protection scheme is to 

identify the potential faulted line based on the role that is to select the line carrying the 

largest positive DC fault current. Figure 9.2 shows the direction of the fault current in the 

case of a positive line to ground fault F2. Based on the handshaking role, the protection 

unit of bus 2 selects line 2 as the potential faulted line and identifies switch S23 to open. 

For the protection unit located at bus 3, the fault current through line 2 is positive and line 

3 is negative. Thus, line 2 is identified as the potential faulted line and the switch S32 is 

selected for opening. Also, the protection unit of bus 1 detects positive current on line 1 

and line 3. However, it does not matter which of the lines are selected as the potential 

faulted line. For instance, assume by applying the selection rule, the handshaking method 

identifies line 3 as the one through which the largest positive DC fault current flows and 

as a result switch S13 is selected for opening.  
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The next step is to turn off the converter and de-energize the grid by opening the 

circuit breakers, S1, S2 and S3. Then, the selected DC switches S23, S32 and S13 should 

be disconnected. Figure 9.3 shows the configuration of the system after disconnecting the 

selected switches. As can be seen, the healthy lines have their fast DC switches closed at 

least at one end. This is due to the fact that the DC fault current enters one end of the non-

faulted line and exits at the other end. As a result, the healthy line will always be connected 

to one of the DC buses at one end through the fast DC switch which has not been selected 

for opening. On the contrary, the faulted line is isolated from the grid since its switches are 

open at both ends.  

After disconnecting the selected DC switches and isolating the faulted line, all 

circuit breakers should be reconnected and the converters should be turned on to re-

energize the DC buses. The next step is to reclose the DC switches of the un-faulted lines. 

Based on the handshaking scheme, a switch can be reconnected if the DC line has been 

energized from the other end power unit. For the given case study, because line 3 has been 

energized by AC/DC converter2 through bus 3, the S13 will be reconnected. In contrary, 

since line 2 was disconnected and de-energized from both ends, it remains disconnected 

form the system. 

The handshaking scheme is a reliable method to locate and isolate a faulted DC line 

in multiterminal HVDC and MVDC systems. Moreover, since identifying the faulted line 

is accomplished based on local measurements without communication networks, the cost 

and complexity of the system can be considerably reduced. However, this method 

temporarily de-energizes the entire network, which can create unnecessary outages. As a 

result, this scheme may not be suitable for local distribution networks and LVDC 
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microgrids where a large number of sources and loads are connected to the system [156], 

[225], [230]. 
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Figure 9.3: Illustration of the potential faulted line opening in the handshaking method.  

9.4. Traveling Wave Protection Techniques 

When a fault occurs in a HVDC transmission line, the voltage and current changes 

at the point of the fault generate electromagnetic impulse, which travels to both ends of the 

line. Traveling wave protection schemes utilize various signal processing techniques to 

identify the characteristics of the current and voltage waves reflected and received at the 

transmission line terminations. These protection schemes have already been applied for the 

protection of conventional two terminal HVDC systems [231]-[235], while various studies 

have been done for its application on the multiterminal HVDC systems[167], [236]-[238]. 

Based on the electromagnetic field theory, the current and voltage in a high voltage 

transmission system are related via the partial differential equations as follows: 

 0
( , ) ( , )E x t I x tL
x t

∂ ∂
= −

∂ ∂
 (9.4)  
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The general solutions to (9.6) and (9.7) are: 
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where L0 is the inductance per unit length of the line, C0 is the capacitance per unit length 

of the line,  EF is the forward voltage wave and If is the forward current wave, ER is 

backward voltage wave and IR is the backward current wave. Also, the Zc is the 

characteristic impedance of the line and it can be found as: 

 0

0
c

LZ
C

=  (9.10)  

Also, the velocity of the traveling wave can be found as: 

 
0 0

1
L C

υ =  (9.11)  



242 
 

Bus 1 Bus 2

F1 F2

A B

Distance

Ti
m

e

T1

3T1

x l0

T2

 
Figure 9.4: Lattice diagram corresponding to fault F1 to illustrate the travelling wave 

flow along the HVDC transmission line. 

Figure 9.4 shows a schematic diagram of an HVDC transmission system and the 

fault wave propagating to terminal A and B where the protection relays are located. The 

traveling wave equation in the case of voltage at terminal A can be found as [239]: 

 
( )

( )
1 1

3
1 1

( ) 1 ( )

             1 ( -3 ) ...
A F r r

F r r f r

E t E A u t T

E A u t T

∆ = +Γ −

+ Γ Γ +Γ +
 (9.12)  

where ΔEA is the voltage change at terminal A, EF1 is the initial voltage wave from the 

fault point, u(t) is the step function, Ar is the terminal A side line attenuation coefficient 

and Гf is the reflection coefficient of the fault point. Also Гr is the terminal reflection 

coefficient and in the case of an inductive termination, it can be calculated as [239]: 

 /( / )2 1A Ct L Z
r e−Γ = −  (9.13)  

in which ZC is the characteristic impedance of the line and LA is the inductor value. 

It is well known that the reflection coefficient at the fault point can be expressed 

as: 

 2
c

f
f c

Z
R Z
−

Γ =
+

 (9.14)  

Also, the transmission (refraction) coefficient can be given by: 
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A ground fault generates backward and forward traveling voltage waves with a 

negative sign. Based on (9.12) and (9.13), an inductive termination can cause a steep 

enough voltage reflection and considerable voltage reduction, which can be utilized for in-

zone fault identification.  However, the terminal voltage does not contain information on 

the fault direction. In contrast, the current derivative criterion can be applied to discriminate 

between forward and backward faults. A positive sign indicates a forward fault and a 

negative sign corresponds to a backward fault. Therefore, the overall in-zone fault criteria 

for the relay connected at terminal A can be defined as [167], [236]: 
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 (9.16)  

where the threshold ΔE discriminates between faults and normal operation and the 

threshold σE discriminates between fault F1 and F2. 

In addition to the zonal protection capability, the traveling wave protection schemes 

are able to identify the accurate location of a fault based on the traveling wave propagation 

time. Depending on whether the measurements at the remote terminal of the transmission 

line are required or not, the fault location algorithms can be classified into two-end fault 

location schemes and one-end schemes. 
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The two-end methods require detection of the first surge arrival time at the two 

transmission ends. The distance to the fault location from the terminal can be found by 

applying the traveling wave principle as [237], [239]: 

 ( )1 2- -
2f

l T T
x

υ
=  (9.17)  

where xF is the distance of the fault point from terminal A, l is the line distance, T1 is the 

first surge arrival time at terminal A, T2 is the first surge arrival time at terminal B and υ is 

the traveling wave propagation velocity. 

In one-end traveling wave schemes, the fault location is estimated based on the 

arrival time of the first and the second reflected wave at the terminal and they do not require  

measurements from the other terminal. Based on (9.14) and (9.15) and since the fault is 

approximately a short circuit, the traveling wave reflection coefficient at the fault point is 

always negative and its transmitted coefficient is positive [240]. Also, based on (9.13), the 

reflection coefficient of an inductive termination is initially positive. Thus, a fault initially 

causes the terminal voltage to decrease due to the travelling wave from the fault point. If 

the second voltage change is positive, then it corresponds to the first reflected wave from 

the fault point and the fault location is less than half of the line length and the location can 

be found using (9.18). In the case that the second voltage change is negative, then the fault 

location is more than half of the line length and the voltage change corresponds to the fault 

wave reflected at the other termination and transmitted through the fault location. In this 

case, the fault distance can be calculated using (9.19) [239]-[240]. 
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in which tΔv2 is the time when the second voltage change due to traveling wave occurs. 

In the case of HVDC line with a capacitive termination [239]-[240], a very steep 

change in the current traveling signal occurs when it reaches the terminal. Thus, the current 

signal can be employed to protect and locate the fault. Based on (9.9), the initial forward 

and backward current traveling waves have a positive and negative sign, respectively. Also, 

the reflection coefficient for the current traveling wave for the capacitive termination is 

positive since the capacitive termination initially looks like a short circuit [241]. Therefore, 

for a fault that occurs at less than half of the line length, the first current increase 

corresponds to the initial traveling wave from the fault point and the next current change 

is positive and it corresponds to the first reflected wave from the fault point. Thus, the fault 

location can be found using (9.18). 

In the case that the second current change is negative, then the fault location is more 

than half of the line length and the current change corresponds to the fault wave reflected 

at the other termination that is transmitted through the fault point.  Therefore, the fault 

location, xf_II for this case can be found based on (9.19). 

Although the one-end schemes are superior as they do not require synchronized 

measurements and high bandwidth communication, the two-end methods are far more 

reliable if the measurement waves are properly synchronized using the global positioning 

system (GPS). Moreover, the accuracy of the one-end traveling based protection scheme 

can be highly degraded due to multiple and superimposed reflections and refractions of 

traveling waves [237]. In recent years, wavelets, as a powerful time-frequency signal 
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processing tool have been suggested to identify the wave front arrival time especially in 

the presence of considerable measurement noise [241]-[242]. Nevertheless, there is a blind 

zone of protection for detecting close-up faults in both methods [232], [241]. Therefore, a 

hybrid algorithm of the traveling wave protection scheme and other techniques such as 

current derivative or impedance relay is necessary [232]-[233]. Moreover, the traveling 

wave based protection schemes require data acquisition units with very high sampling rate 

that increase its implementation difficulty. 

9.5. Distance Protection Techniques 

Distance protection schemes are based on the measurement of the short circuit loop 

impedance that is used to estimate the distance from the relay point to fault point. These 

methods are very common for AC system transmission line protections; however, the small 

value of the cable series impedance creates significant problems in using this method for 

DC systems. Moreover, during fault transients, the frequency of the DC system changes 

abruptly and no grid fundamental frequency impedance can be defined for distance 

protection. Furthermore, while the symmetrical component analysis is used in AC system 

protection to avoid the influence of fault resistance, this is not possible in DC systems 

[207], [243]. 

Some emerging techniques proposed the active distance evaluation scheme for DC 

systems protection. In this scheme, the impedance of the system and the fault distance are 

evaluated by injecting a current or voltage signal that has a known spectrum. The active 

distance relays are generally composed of probe units and signal processing algorithms. 

The probe unit can be a full bridge [180] or half bridge inverter [158] that generates voltage 
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or current with arbitrary amplitude and frequency. It can also be a large capacitor that is 

connected to a power source via a controlled power switch to form a second-order RLC 

circuit through the fault path [244]. In these methods, the measured voltage and current are 

processed by advanced signal processing algorithms, such as fast Fourier transform (FFT) 

and least square curve fitting to calculate the impedance of the faulted system and estimate 

the distance from the relay point to fault point [158], [180], [244]. Active distance 

protection schemes generally do not require a complete shutdown of the microgrid rather, 

only the affected zone of the system is isolated and tested. For this purpose, the grid should 

be classified to several zones with overlapping nodes within the bus. Although the active 

distance protection schemes gives very detailed information about the state of the system, 

each node requires a probe system with a signal injection unit and high bandwidth 

measurements that can increase the cost and complexity of the protection system.  

Some other research studies also suggested a time-impedance evaluation technique 

that is based on the time evolution of the apparent resistance, which does not require any 

signal injection units. The main principle of this technique is to estimate the impedance of 

the faulted system and wait for its corresponding time delay to realize selection. In order 

to calculate the impedance of the system, the voltage–current ratio can be calculated at the 

terminals of converters and contactors to determine the resistance of the cable between the 

device and the faulted point [245]. Alternatively, the fault distance can be evaluated by 

using two voltage dividers instead of a pair of voltage and current measurements [243]. 

This can reduce calculation problems of voltage by current division due to power switching 

noise and abrupt change of current during fault. The time-impedance evaluation technique 

requires much less computing capability than the active distance method and is faster for 
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short circuit (or low impedance) fault protection. However, for high resistance faults, which 

are more common in ground faults, accurate distance evaluation is difficult. Usually, this 

kind of fault should be properly fulfilled by a backup protection such as the overcurrent 

protection [243]. 

9.6. Artificial Intelligence Protection Techniques 

Artificial intelligence techniques, such as expert system, neural network and fuzzy 

logic have advanced significantly in recent years and have been widely utilized in various 

power system control design and protection systems [247]-[248]. Among various artificial 

intelligence techniques, artificial neural network (ANN) methodology shown to be better 

suited for DC power system protection since this technique is less complex and expensive 

in its development and has relatively fast calculation time and as a result is able to be 

utilized for real-time protections [249]-[252]. In these schemes, the transient fault current 

and voltage waveforms can be directly sampled as the input to neural network [249], or 

they can be initially processed to extract the signal features and then feed to the 

network [250]-[252]. Although the direct utilization of the sampled data found to be 

effective in fault detection and location, this approach requires a very long training process 

and calculation time and may also require a very complex structure for accurate operation.  

For signal feature extraction in ANN-based protection schemes, the FFT method 

and the wavelet transform are among the frequency and time frequency signal processing 

techniques. However, the intrinsic drawback of the FFT method, that is the lack of 

information in the time domain, makes it improper for ANN-based protection methods 

which require signal processing technique with transients and short spikes identification 
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capabilities [250]. On the contrary, the wavelet is not only able to decompose a signal into 

its frequency components, but can also provide a non-uniform division of the frequency 

domain, whereby it allows the decomposition of a signal into different levels of resolution. 

This feature enables the wavelet transform to be effectively employed in ANN-based 

protection methods to detect the abrupt-changing of the transient signals and identify the 

sharp increase of current during short circuit fault. In this protection method, the wavelet 

transform extracts a feature vector from the current waveform and feeds it to a self-

organizing neural network. Then, the neural network determines whether the feature vector 

belongs to a normal or a fault current surge. 

Generally, the wavelet transform technique can be divided in to continuous wavelet 

transform (CWT) and discrete wavelet transform (DWT). The CWT for a given signal x(t) 

can  be defined as [250]: 
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where ѱ(t) is the mother wavelet, a is the scale factor and b is the translation factor. The 

parameters a, b and t in CWT are continuous. 

The DWT for a given signal x also can defined as [250][250]: 
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where k is an integer variable and it refers to a sample number of the input signal and the 

parameters n and m are integer form of the parameters a and b in (9.20). 

Since most of the protection relays are now performed using digital processors, the 

DWT are commonly utilized.  The DWT process the fault signal at different frequency 
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bands with different resolutions by decomposing the signal into a rough approximation and 

detail information. For this purpose, two sets of functions are utilized by DWT named 

Scaling functions and Wavelet functions which are associated with high pass filter (HPF) 

and low pass filters (LPF), respectively. 

In [251] and [252], DWT have been applied to detect surges in DC third rail current 

waveform of DC transit systems. Also, the utilization of the WT-based multiresolution 

analysis (MRA) have been suggested in [250] to improve the speed of the training process. 

The MRA methodology aims to represent the sophisticated signal, x in terms of 

wavelet and scaling functions and the objective is to produce good frequency resolution 

and poor time resolution at low frequencies and good time resolution and poor frequency 

resolution at high frequencies. The philosophy of this idea is that most signals in practical 

applications have a low frequency components for long durations and high frequency 

components for short durations. Figure 9.5 shows the schematic diagram of WT-based 

MRA decomposition of a signal with three levels of decomposition. 
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Figure 9.5: Schematic diagram WT-based MRA decomposition. 

The scaling coefficients, known as approximation, are a low-resolution 

representation of the original signal that is the low frequency, high-scale components of 

the signal. This resolution is obtained by passing the original signal through a LPF. On the 

other hand, the wavelet coefficients, known as details, are the low-scale, high frequency 

components of the signal that is obtained by passing the original signal through a HPF. 

Shown D1 in Figure 9.5 is the shortest mother wavelet and contains the highest frequency 

information present in the input signal, while the A1 is the approximation of the signal in 

the first level of decomposition. 
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Figure 9.6: WT-based MRA protection flowchart. 

Figure 9.6 shows the flowchart of the developed WT-based MRA technique in 

[250], for the protection of a MVDC naval shipboard power system. This technique is 

based on the signature analysis of the monitored signals that is performed with WT-based 

MRA methods. As Figure 9.6 shows, the monitored signal is initially sampled and then, 

the WT-based MRA techniques is applied for decomposing each signal into low frequency 

approximation and high frequency details. Accordingly, Parseval’s theory is applied to 

extract the feature vectors of each sampled signal. In the next stage, the extracted feature 

vectors are utilized as the inputs of the neural network for classification. The output of the 

neural networks then indicates the fault types. The main shortcoming of the ANN-based 

protection methods is that the training of the neural network is a time consuming process 

and the trained network is only specific to the system considered. Currently, the design of 

network configurations is still a trial and error process and the design of the optimum 

network architecture involves a painstaking procedure. 
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9.7. Conclusion 

The key design challenges of a protection scheme include; speed, accuracy, 

reliability and simplicity. Various fault detection and location techniques have been 

developed for a variety of applications and system configurations. This chapter presented 

a comprehensive overview of fault detection and location techniques suggested in 

literature. The requirements and applications of these techniques were presented and their 

main advantages and limitations were discussed. The presented techniques in this chapter 

were differential protection, handshaking protection, traveling wave protection, distance 

protection and artificial intelligence protection.  More progress is expected to develop new 

protection schemes using advanced signal processing methods and the existing protection 

techniques. However, the lack of standards, guidelines and practical experience are the 

main shortcomings of this research area. 
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 DEVELOPMENT OF AN EVENT-BASED PROTECTION SCHEME FOR 

HYBRID DC POWER SYSTEM 

10.1. Introduction 

 In this section, we investigate a new scheme for a multi-terminal DC power system, 

which include hybrid energy resources and various loading schemes. In such a system, 

coordinated operation of circuit breakers (CBs) and disconnecting switches (DSs) can 

rapidly isolate short circuit faults and restore the system very fast. The proposed event-

based protection strategy transfers less data when compared with commonly used data-

based protection methods and does not require high speed communication and 

synchronization. Each protection unit is able to autonomously identify the type of event 

using the current derivative fault identification method and employing an artificial 

inductive line impedance (AILI). In order to accurately set the protection relays, detailed 

fault current analysis considering low pass RC filter effects are presented. The decision for 

fault isolation is made based on the unit judgment and the data received through high level 

data communication from the other interconnected units. The performance of the proposed 

protection scheme was evaluated under different DC feeder and bus faults. The results 

show that this scheme is able to accurately identify the type of fault, isolate the faulted area 

and restore the system quickly while limiting the load voltage drop to its preset limit. 

10.2. Proposed Approach for Protection of Hybrid DC Microgrid 

In this dissertation a new simple, yet efficient and reliable event-based protection 

technique for a multi-terminal DC power system is developed. When compared to data-

based protection methods, the event-based protection scheme transfers much less data and 
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does not require high speed communication and synchronization. Moreover, the developed 

event-based protection scheme utilizes less measurement equipment since only the DC bus 

data is required while the traditional data-based protection methods require both the DC 

bus measurement and the feeder measurements.  

In order to fully illustrate and evaluate the proposed protection scheme, a three-bus 

medium-voltage DC (MVDC) system and a four-bus hybrid DC power system are 

considered. Also, the virtual test-bed model of the four-bus hybrid DC power system 

explained in section 7 is utilized for evaluation of the protection scheme and the fault 

current study. 

In order to accurately set the protection relays, the detailed fault current analysis is 

presented using analytical calculation and virtual test-bed model. Since the protection 

relays are microprocessor-based, the input signals to the digital relays can be highly 

contaminated with noises and high-frequency components as a consequence of using power 

converter and load drive switching [183], [252]. Moreover, the transient short circuit 

currents contain exponential and high-frequency damped oscillation components in which 

improper analog filtering can cause aliasing error and may also saturate the analog to digital 

converters (ADC) [254]-[255]. In this dissertation, the transient fault current and protection 

relay settings are evaluated while considering the effect of a low pass RC filter. 

In the proposed protection scheme, each unit is able to autonomously classify the 

type of a fault into one of the three categories: (I) bus fault, (II) interconnected feeder fault 

and (III) adjacent feeder or adjacent bus fault. Since the DC bus and cable have low 

impedance, it is difficult to identify an interconnected feeder fault from a bus fault or an 

adjacent feeder fault. This study proposes an effective event identification technique using 
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the current derivative method and employing an artificial inductive line impedance (AILI). 

The AILIs are small inductors, which are implemented in each feeder. The AILIs have a 

significant impact on the di/dt characteristic of fault current in transient condition that is 

utilized as a new technique for fault identification. The decision for fault isolation and grid 

restoration is made based on the unit judgment and the data that is received through high 

level data communication from the other interconnected units. The performance of the 

proposed event-based fault identification method is verified under different fault conditions 

using the hybrid DC microgrid simulation model. 

10.3. Developed Event-based Protection Scheme 

In presenting the event-based protection scheme, a small MVDC system consisting 

of three buses as illustrated using Figure 10.1 is considered. The pole-to-pole faults are the 

most problematic DC power system faults, which can be categorized as a bus fault and a 

feeder fault. These two possible faults have been indicated as F1-F6 in Figure 10.1. From 

the protection unit point of view, a fault can be classified to four groups as a bus fault, an 

interconnected feeder fault, an adjacent bus fault or an adjacent feeder fault. Considering 

the protection unit located at bus 1, fault F1 is a bus fault, while the faults F4 and F6 are 

an interconnected feeder fault, the faults F2 and F3 are an adjacent bus fault and the fault 

F5 is an adjacent feeder fault.  
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Figure 10.1: Schematic diagram of a three-bus MVDC. 

As a starting point of the event-based protection scheme, it is assumed that a DC 

fault has already been detected and classified by fault detection schemes, which will be 

discussed in section 10.6. Following a short-circuit fault, a protection unit must go through 

a number of operation steps: 

10.3.1. Step1: De-energizing of the DC grid 

Following the fault identification and classification, the protection units should de-

energize the MVDC system. This can be achieved by turning off the AC/DC converter 

switches. However, in the absence of the back-biasing voltage, the AC sources feed the 

MVDC system through the diode rectifier and as a result, the AC/DC converters are unable 

to de-energize the MVDC system [166]. In such a system, a circuit breaker (CB) should be 

implemented next to the AC/DC converter as shown in Figure 10.1. The required time to 

interrupt a fault current and completely isolate the faulted area through the CBs depends 

on the switching technology and operating speed of the contactor.  
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10.3.2. Step 2: High Level Data Communication 

Each protection unit needs to send and receive the type of event to and from the 

interconnected units. The communication protocol utilized in the proposed event-based 

protection scheme consists of high level data communication rather than the conventional 

protection schemes, which send and receive the actual measured voltage and current 

parameters. As a result, using high level data communication, the event protection scheme 

does not require high speed communication and synchronization.  

10.3.3. Step 3: Identification and Isolation of the Faulted Area 

 The fault classification scheme in the event protection method is able to classify 

the type of event into three classes: (I) bus fault, (II) interconnected feeder fault and (III) 

adjacent feeder or adjacent bus fault. Figure 10.2 shows the strategy of identifying the 

potential faulted area. In the case of a bus fault, the protection unit will disconnect the CB 

and DSs of the load and the feeders connected to the corresponding bus. Then, it will send 

this event to other units. Also, the other protection units will disconnect the DS of the 

interconnected feeder to the faulted bus. For instance, in the case of fault F1, the protection 

unit 1 will disconnect the CB1 and DS12 and DS13. Also, the DS31 and DS21 will be 

disconnected by the protection units at bus 3 and bus 2 respectively.  

In the case that an interconnected feeder fault occurs, all the protection units 

execute the event classification process and distribute the analyzed data. Then, the DSs of 

the faulted feeder will be disconnected by the protection units at its two ends. For instance, 

assume fault F4 occurred. The protection units in bus 1 and bus 2 will identify the fault as 

an interconnected feeder fault, while the protection unit at bus 3 will see an adjacent feeder 

fault. Following the distribution of the analyzed data, a fault in line 1 will be detected. 
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Consequently, DS12 and DS21 will be disconnected by the protection units in bus 1 and 

bus 2, respectively.  

If the protection unit identifies a fault as an adjacent feeder fault or an adjacent bus 

fault (third class), two cases arise. In the case that the protection unit receives a bus fault 

event from an adjacent bus, the unit should disconnect the corresponding feeder. 

Otherwise, if it receives an adjacent feeder fault, no action for fault isolation is required by 

that protection unit.  

 
Figure 10.2: Event-based protection strategy.  

10.3.4. Step 4: Reenergizing the DC Grid 

Once the faulted area is identified and completely isolated, the grid should be 

reenergized. Initially, the CBs of the non-faulted buses will be turned on to recharge the 

DC capacitors by the 3-phase AC voltages through the diodes of the AC to DC converters. 

Then, the converter will be turned on to control the voltage of the DC bus and the power 

that flows to the DC grid. If a fault had occurred on a DC bus, the power (or current) 

reference of the converter will be set to a new operating point to compensate for the loss 
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of the faulted bus and the power converter. Load shedding would be necessary if the power 

consumption of the grid is higher than the converter's capability. 

10.4. Hybrid DC microgrid Power System Design for Advanced Protection 

Scheme 

Figure 10.4 shows the configuration of the notional hybrid DC microgrid under 

study and its components. Figure 10.4 also shows some representative locations where 

faults could occur in the system at F1-F9. The circuit breakers (CBs) and disconnecting 

switches (DSs) are utilized to interrupt the fault current from the power units and to isolate 

the faulted area. In order to allow the load to ride-through the fault event uninterrupted, 

clamping diodes and a shunt hold-up capacitor are implemented. Figure 10.3 shows the 

configuration of the loads implemented in hybrid DC microgrid. Assuming that the 

nominal voltage of the grid is Edc and the minimum acceptable voltage of the load is Emin  

, the required hold-up capacitor to maintain the load voltage can be found using (10.1) [22]. 

 ( )2 2
min

2 L cl
H

dc

P tC
E E

=
−

 (10.1)  

where tcl is the fault clearing time and PL is the load power. 

DC Terminal CH Load (PL )

 
Figure 10.3: Load and its hold-up capacitor configuration. 
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Based on the protection scheme presented in the following sections, the hold-up 

capacitors of each load are selected so that the load is able to ride through faults and has a 

limited voltage drop of 5% when the maximum tcl is 10 ms. 

10.5. Short Circuit Current Calculations 

In order to evaluate our simulation model during transient fault conditions and 

accurately set the protection relays, the detailed analytical fault current analyses 

considering the effect of a low pass RC filter are presented in this section. 

10.5.1. Bus Faults 

The power sources are the major fault current contributor, but the capacitors at the 

DC bus terminal and DC filters also contribute to fault currents during the transient short 

circuit time. Figure 10.5 shows the equivalent circuit of the grid seen from the uncontrolled 

rectifier in the short circuit conditions. It should be noted that since the feed forward diode 

of the boost converter is biased during the short circuit condition, the converter is only 

modeled with its equivalent resistance and inductance. Applying the KCL law, the transient 

short circuit current of bus 1 iB1, during fault F1 can be written as: 

 1B CGC CDF URi i i i= + +  (10.2)  

 

F2 – F9
F1iUR

LDF RLDF LBC RLBC Leq1 Req1

RCDF 2RCGC

CDF CGC

iCDF iCGC

iB1

/2

 
Figure 10.5: Equivalent circuit of the grid in the short circuit conditions seen from 

uncontrolled rectifier at bus 1. 
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where iCGC, iCDF and iUR are the bus capacitor coupling current, the DC filter 

capacitor current and the uncontrolled rectifier current, respectively. Also, by applying 

KVL across the loop that includes the DC bus capacitor, it can be shown that the iCGC is 

related via: 

 
( ) 1 ( ) 0CGC

CGC
CGC GC

di t i t
dt R C

+ =  (10.3)  

where CGC and RCGC are the capacitance of the DC bus capacitor and the resistance 

of the DC bus capacitor, respectively. Solving the differential equation (10.3) yields the 

transient iCGC as [256]: 

 ( )
2

CGCtdc
CGC

CGC

Ei t e
R

τ−=  (10.4)  

where the time constant τCGC is given by: 

  CGC CGC GCR Cτ =  (10.5)  

For the sake of simplicity in the iCDF calculation, the voltage drop due to iUR on the 

LBC may be neglected. By applying KVL across the loop that includes the DC filter, it can 

be shown that the iCDF is related via a second-order differential equation as: 

 
2

2

( ) ( ) 1 0CDF CDF LBC CDF

BC DF BC

d i t R R di t
dt L dt C L

 +
+ + = 
 

 (10.6)  

where LBC and CDF are the boost converter inductance and the DC filter capacitance 

respectively. Also, RCDF and RLBC are the resistance of the DC filter capacitor and the 

resistance of the boost converter’s inductor respectively.  

In most practical applications, the resistance of the convertor’s inductor RLBC, and 

the DC filter capacitor resistance RCDF, are relatively small, therefore the CDF(RCDF + 
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RLBC)2/4LBC is smaller than unity. Thus, the circuit is underdamped and based on 

differential equation (10.6), the iCDF can be expressed as [257]: 

 ( )1 2( ) cos( ) sin( ) DFt
CDF DF DFi t A t A t e αω ω −= +  (10.7)  

where ωDF and αDF are the decaying oscillation frequency and attenuation factor of 

iCDF , respectively that can be calculated as: 

 ( )2

2

1
4

CDF LBC
DF

BC DF BC

R R
L C L

ω
+

= −  (10.8)  

 
2

CDF LBC
DF

BC

R R
L

α +
=  

(10.9)  

Also, the A1 and A2 are the constants that are given by: 

 1 0LBCA i=  (10.10)  

 ( ) 0
2 0

DC CDF LBC LBC
DF LBC DF

BC

E R R i
A i

L
α ω

− + 
= + 
 

 
(10.11)  

where iLBC0 is the boost converter input current before a fault occurs. 

Assuming negligible voltage at the DC terminal of the uncontrolled rectifier during 

the transient fault, iUR can be evaluated by means of an equivalent star circuit modeling 

with six parallel branches. In this method, each of the branches can be modeled as a series 

voltage source vj, equivalent resistor RUR, equivalent inductance LUR, and a diode. These 

are given by [175]: 

 ( ) 2 ( )j AC jv t E Cos tω ϕ= +  (10.12)  

 
UR S TR AFR R R R= + +  (10.13)  
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UR S TR AFL L L L= + +  (10.14)  

where EAC is the RMS nominal AC phase voltage and φj is the phase shift of the voltage 

vj with respect to a common reference. The Parameters RS, RTR and RAF are the AC source 

equivalent resistance, the transformer windings resistance and the inductive AC filter 

resistance. Also, LS, LTR and LAF are the AC source equivalent inductance, the transformer 

leakage inductance and AC filter inductance. The transient short circuit current of the jth 

branch in the star equivalent circuit can be calculated as in equation (10.15) so that iUR is 

the envelope of the maximum values of iBj [175]. 

 0( ) ( ) ( ) UR
t

Bj j UR j URi t I Cos t Cos e τω ϕ θ ϕ θ
− = + − − − 

 
 (10.15)  

where I0 is the steady state short circuit current of the equivalent branches on a zero 

impedance fault and it can be calculated as: 

 0 2 2 2
AC

UR UR

EI
R Lω

=
+

 (10.16)  

Also, τUR and ϴUR are the uncontrolled rectifier short circuit time constant and its 

impedance phase angle, which are given by (10.17) and (10.18). 

 UR
UR

UR

L
R

τ =  (10.17)  

 1tan ( )UR
UR

UR

L
R
ωθ −=  

(10.18)  

Figure 10.6 shows the equivalent circuit of the grid seen from the battery bank. In 

the case of a short circuit fault at bus 2 (F2), the transient current of this bus can be 

calculated as: 
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 2B CGC BDi i i= +  (10.19)  

where the iCGC  can be similarly found using (10.4) and the iBD is the bidirectional converter 

current. It should be noted that the internal voltage of the battery U(q), is a function of 

charge drawn from the battery. However, during a short transient fault period, the change 

in the internal voltage is small and it can be assumed to be constant. Thus, application of 

KVL to the loop including the bidirectional converter impedance (Figure 10.6) gives the 

iBD as: 

 
( ) 1( ) ( ) 0Batt LBDBD

BD
BD BD

R Rdi t i t U q
dt L L

+
+ − =  (10.20)  

where LBD is the bidirectional converter inductance. Also, the parameters Rbatt and 

RLBD are the battery internal resistance and the resistance of the bidirectional converter’s 

inductor respectively.  

F2 – F9
F1iUR

LDF RLDF LBC RLBC Leq1 Req1

RCDF 2RCGC

CDF CGC

iCDF iCGC

iB1

/2

 
Figure 10.6: Equivalent circuit of the grid in the short circuit conditions seen from battery 

bank at bus 2. 

Solving the differential equation (10.20) yields the transient iBD as: 

 ( )( ) 1 BDt
BD

Batt LBD

U qi e
R R

τ= −
+

 (10.21)  

where τBD is time constant of the bidirectional convertor, which is given by: 

 BD
BD

Batt LBD

L
R R

τ =
+

 (10.22)  
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10.5.2. Feeder Fault and Remote Bus Fault 

The transient short circuit current of bus 1 during the feeder faults F5 – F9 and the 

remote bus faults F2 - F4 can be given as an algebraic sum of iCGC, iCDF and iUR (Figure 

10.5). Since the pole-to-pole faults often have low fault impedance, the Leq1 and Req1 can 

be neglected with respect to LBC and RLBC, respectively. Thus, the iCDF and iUR can be found 

from (10.7) and (10.15). Also, application of KVL to the loop including the DC bus 

capacitor, the Leq1 and Req1 (Figure 10.5), gives the following relation for iCGC during the 

feeder faults and the remote bus faults: 

 
2

1
2

1 1

2( ) ( ) 2 0CGC eqCGC CGC

eq GC eq

R Rd i t di t
dt L dt C L

 +
+ + =  
 

 (10.23)  

To solve the second-order differential equation (10.23), the damping factor ζGC, is 

defined as (10.24). Depending on the ζGC  , the iCGC can be over-damped, critically damped 

or under damped. In the case that the ζ is greater than one, the iCGC is over-damped and it 

can be found as (10.25). 

 1

1

2
2 2

cgc e
GC

q GC

eq

R R C
L

ζ
+ 

= × 
 

 (10.24)  

 
  

0 0

1 2

2 21 1
( )CGC

t t
e et B Bi

ω ζ ζ ω ζ ζ   
   
   

− − − − + −

= +  
(10.25)  

where ω0 is the angular frequency, and B1 and B2 are the constants, which are given 

by following equations. 

 0
1

2

eq GCL C
ω =  (10.26)  
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 ( ) ( ) 

 

1 0
1 0 02

10

221
1

2 1 GC

DC CGC eq CGC
CGC

eq
GC

E R R i
B i

L
ω ζ ζ

ω ζ

− +
= + + −

−

 
  
 

 
(10.27)  

 
2 0 1 CGCB i B= −  (10.28)  

In the case that the ζ is one, the iCGC is critically damped and the fault current can 

be defined by the following expression based on the differential equation (10.23) [257]: 

    1 2( ) GC GC
CGC

t t
e et D D ti

α α− −
= +  (10.29)  

where the attenuation factor αGC  , and the constants D1 and D2 can be found as: 

 1

1

2
2

CGC eq
GC

eq

R R
L

α
+

=  (10.30)  

 
1 0 CGCD i=  (10.31)  

 ( )
 2

1
0

1

2
 DC CGC eq

CGC GC
eq

D
E R R

i
L

α=
− +

+  
(10.32)  

The length of the cable strongly influences the fault current behavior. The linear 

increase of Leqi with cable length causes the ζGC to decrease with cable length. In the case 

where ζGC is smaller than unity, the iCGC is underdamped and the corresponding solution 

to (10.23) can be expressed as [257]: 

 ( )1 2( ) cos( ) sin( ) GCt
CGC GC GCi t F t F t e αω ω −= +  (10.33)  

 where the decaying oscillation frequency ωGC  , and the constants F1 and F2 can 

be found as: 

 2
0 1GC GCω ω ζ= −  (10.34)  

 
1 0CGCF i=  (10.35)  
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 ( )
 

1 0
2 0

1

2DC CGC eq CGC
GC CGC GC

eq

E R R i
F i

L
α ω

 − +
 = +
 
 

 
(10.36)  

Similarly, in the case of the feeder faults and the remote bus faults, the short circuit 

current of bus 2 can be given as an algebraic sum of iCGC and iBD based on (19). However, 

depending on the ζGC , the iCGC can be found from (10.25), (10.29) or (10.33) in the case 

of over-damped, critically damped or under damped condition, respectively. 

10.5.3. Low Pass Filter Effects 

Due to the converter switching and load drive system, the measured signals can be 

highly contaminated with noises and high-frequency components. Moreover, based on 

(10.2) and (10.19), the ibi contains excessive exponential components during bus faults, 

which can saturate the ADC. Therefore, the measured signals must be band limited by an 

analog low pass filter prior to sampling. 

If an RC low pass filter is used, the 10 - 90% rise time tr of the filter to a step input 

can be given by (10.37) [258]: 

 
0.35

r
c

t
f

=  (10.37)  

where fc is the cut off frequency of the filter. 

In the case of a bus fault, since the time constant of the RC low pass filter is much 

smaller than the time constants of the iCDF and iUR , it can be shown that the iCDF and iUR 

are unaffected by the filter while the measured iCGC can be calculated based on (10.4), as 

(10.38). 

 ( ) ( )( )
2

fGC ttdc GCm
CGC

CGC GC f f

E Ct e e
R C

i
R C

αα −−= −
−

 (10.38)  
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where Rf and Cf are the resistance and the capacitance of the RC low pass filter. 

Also, the τCGC is 1/αGC using (10.5) and αf  is the attenuation factor of the RC low pass filter, 

which is given by: 

 
1

f
f fR C

α =  (10.39)  

Also, by taking the derivative from (10.38), the time in which the m
CGCi  reaches its 

maximum Max
iCGCt , can be found as: 

 lnf f CGC GC f f

f f CGC GC CGC

Max
iCGC

GC

R C R C R C
R C R C R

t
C

 
=  −  

 (10.40)  

Considering the low pass filter effect, the m
CGCi  in the case of a feeder or remote bus 

fault and in underdamped conditions is given by (10.41) using (10.33). It should be noted 

that since the ωGC is relatively low, only the filtering effect on the exponential component 

is considered. However, for the sake of simplicity and given that 1/Max
iCGC ft α>>  , the Max

iCGCt  

is calculated using the derivative of the iCGC based on (10.29) as (10.42). Thus, the 

maximum m
CGCi  can be found by substituting (10.42) to (10.41). 

 [ ]( )1 2( ) cos( ) sin( ) fGC tf tm
CGC GC GC

f GC

i t F t F t e e ααα
ω ω

α α
−−= + −

−
 (10.41)  

 
1 2 1

1 2

1 tan
CGC

GC GC

GC GC GC

Max
i

F F
F F

t ω α
ω ω α

−  −
≅  + 

 
(10.42)  

In this dissertation, the fc of the filter is adjusted to 2 kHz which leads to the signal 

rise time specification of 0.175 ms. Also, the high frequency component of the 
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measurements at the power converter, with a switching frequency of 5 kHz, will be 

attenuated by more than 8.5 db. 

10.6. Fault Event Classification Approach  

In this section, the proposed current derivative event classification method is 

explained in detail using the simulation results and analytical transient fault current 

calculations. Figure 10.7 shows the transient fault current ib1, and its components iCGC, iCDF 

and iUR during fault F1. Using (10.38) and (10.40) the Max
iCGCt  and maximum m

CGCi  are found 

to be 80.8-µs and 240.18-A, respectively which is consistent with the simulation results. 

Based on (10.7), the iCDF has exponentially damped oscillations at 494.2 rad/s. Also, the 

initial current of iUR and its steady state fault current are nonzero, oscillating with low 

frequency. 

As was mentioned earlier, each unit in the proposed event-based protection method 

should be able to distinguish between bus fault, interconnected feeder fault and adjacent 

bus or feeder fault. Since the DC bus and cable have a low impedance with respect to the 

converter impedance, using the sub-transient fault current is the most effective way for 

fault identification. Figure 10.8 shows sub-transient fault current ib1, during bus fault F1 

and feeder fault F5 when a fault occurs 5 m from bus 1. As can be seen, it is difficult to 

identify the close interconnected feeder fault from the bus fault. Also, Figure 10.8 shows 

the fault F5 when it occurs 5 m from bus 2 and fault F7 when it occurs 5 m from bus 2. 

Due to small impedance differences, the far interconnected feeder fault and the close 

adjacent feeder fault have very similar characteristics. As a result, even with a more 
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advanced fault identification method, such as the current derivate, it is difficult to 

differentiate them from each other. 

 
Figure 10.7: Simulation result during fault F1, showing iCGC, iCDF and iUR contributions 

to the ib1. 

 
Figure 10.8: Sub-transient short circuit current ib1 during faults F1, F5 (a) when occurs 5 
m from bus 1, F5 (b) when occurs 5 m from bus 2, and fault F7 when occurs 5 m from 

bus 2. 

10.6.1. Artificial Inductive Line Impedance Technique  

In the proposed protection scheme, small inductors as AILIs are implemented next 

to the DSs of each feeder (Figure 10.4). Since the di/dt in steady state operation of the DC 

power grid is low, the AILIs do not create considerable voltage drop in normal operation. 

However, in transient conditions, the AILIs have a significant impact on di/dt 
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characteristics of fault currents, which can be utilized for fault identification. In fact, the 

AILIs are utilized to artificially add inductive impedance to the lines so that there will be 

enough di/dt margins for the protection unit to successfully classify a fault event. Figure 

10.9 shows the sub-transient fault current ib1, during bus fault F1 and close feeder fault F5 

occurring 5 m from bus 1 when three different AILIs were employed. The parameters of 

each AILI are listed in Table 10.1.  

 
Figure 10.9: Sub-transient short circuit current ib1 during faults F1, F5 (a) when AILI = 
0.02-mH were employed, F5 (b) when AILI = 0.1-mH were employed and F5 (c) when 

AILI = 0.5-mH were employed. 

Table 10.1: Artificial inductive line impedance parameters 

Component R (Ω) L (mH) 

AILI-1 0.0037 0.02 
AILI-2 0.0195 0.1 
AILI-3 0.112 0.5 

 

As can be seen in Figure 10.9, the 0.02 mH AILI only decreased the slope of the 

sub-transient fault current while the 0.1 mH and 0.5 mH AILIs reduced the maximum value 

of the fault current and also its slope. However, it should be noted that the larger the AILI, 

the greater power losses will be in the AILI and it can also decrease the stability region of 
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the system in normal operation. In this study, the 0.1 mH AILI is implemented, which 

results in less than 0.25% reduction of the system efficiency at full load operation. 

10.6.2. Fault Current Derivative Method 

When a fault occurs, depending on its location, the derivatives of the current will 

change significantly. Using (10.38), the derivative of the fault current in the case of a bus 

fault can be found as (10.43). Also, the maximum derivative of the bus fault current occurs 

at the fault incidence and its magnitude is given by (10.44). This can be applied to set the 

minimum level of the fault current derivative for bus fault identification. 

 ( )
( ) 1 1

2
f GCt tdc GC

f f CGC GCCGC GC f f

m
CGC t E C e e

R C R CR C R C
di

dt
α α− −

 
= −  −  

 (10.43)  

 ( )
2

Max

dc GC

CGC GC f

m
CG

f

C tdi E C
R C Cdt R

 
 
 

=  
(10.44)  

Also, in the case of a feeder fault or remote bus fault, the derivative of the fault 

current can be calculated as in (10.45) based on (10.41). Assuming that the variations of 

the sine wave component during initial fault current are negligible, the time in which the 

maximum of the fault current derivative occurs 
CGC

Max
dit  , can be approximated as (10.46). 

 

( )

( )
( )

2 1

1 2

1 2

1 2

( ) cos( )

                                sin( )

                                +  cos( )

                                + 

[

]
[

{f
GC GC GC

f GC

GC GC GC

f GC GC

G

m

C

CGC

GCt

d t F F t

F F t

F F t

t

F

i
d

F

e α

α
ω α ω

α α

ω α ω

α ω ω

ω

−

= −
−

− +

− +

+( )sin( )] }f GC
f t

t e α
α ω

−

 (10.45)  

 2 2
1 2 1

2 2
1 2 1

21 ln
2

f GC

GC GC

CGC

GC f

f GC GC GC

Max
di

F F F

F F F
t

α ω α ω

α α α ω α ω

 − −
 ≅
 − − − 

 
(10.46)  
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Figure 10.10 shows the derivative of the fault current (previously shown in Figure 

10.9) during the bus fault and the close feeder fault when the AILI was 0.1 mH. Using 

(10.44), the maximum value of the fault current derivative in the case of bus fault was 8074 

A/ms. Also, based on (10.46) and (10.45), the 
CGC

Max
dit  and maximum of the fault current 

derivative during a close feeder fault were 0.157 ms and 813 A/ms, respectively. This is 

consistent with the simulation results. 

 
Figure 10.10: Derivative of short circuit current ib1 during fault F1 and fault F5 5 m from 

bus 1 with AILI = 0.1mH. 

Compared with the current magnitude method, the current derivative method not 

only has better resolution for fault identification, but also it is much faster. As a result, the 

fault current can be interrupted at a lower level before it reaches its maximum value. 

The protection of each power unit should be able to distinguish between the 

interconnected feeder fault and adjacent feeder fault. However, the multi-path 

characteristic of the hybrid DC microgrid reduces the adjacent feeder fault impedance and 

its value will be minimum if the fault occurs in the middle of the feeder. Figure 10.11 

shows the fault current ib1 during far interconnected feeder faults F5 and F9 and also during 

adjacent feeder faults F6, F7 and F8 when it occurs in the middle of the corresponding 
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feeders. As can be seen, even with the implementation of AILI, it is difficult to identify the 

interconnected feeder fault and adjacent feeder fault using fault current amplitude. 

However, when employing the derivative fault identification method (Figure 10.12), the 

adjacent feeder faults can be recognized as they have a lower peak with respect to the 

interconnected feeder fault. 

 
Figure 10.11: Sub-transient short circuit current ib1 with AILI = 0.1mH during faults F5 5 
m from bus 2, F6 middle of the feeder, F7 middle of the feeder, F8 middle of the feeder 

and F9 5 m from bus 4. 

In order to accurately set the protection relay, the minimum ( )M
iCGCd tt dt  in the case 

of the interconnected feeder fault and maximum ( )M
iCGCd tt dt  in the case of the adjacent 

feeder fault should be calculated. In the case of bus 1, using the cable and AILI parameters, 

the maximum of Leq1 and Req1 are 0.219 mH and 0.1633 Ω, respectively. This gives rise to 

a 788 A/ms maximum derivative fault current based on (10.46) and (10.45). Similarly, the 

minimum of the Leq1 and Req1 in the case of an adjacent feeder fault are calculated as 0.413 

mH and 0.202 Ω, respectively. This resulted in 528 A/ms maximum derivative fault 

current. 
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Figure 10.12: Derivative of short circuit current ib1 with AILI = 0.1mH during faults F5 5 
m from bus 2, F6 middle of the feeder, F7 middle of the feeder, F8 middle of the feeder 

and F9 5 m from bus 4. 

10.6.3. Analysis of the Effects of the Cable Length 

In order to analyze the impacts of the cable length and to further validate the 

effectiveness of the proposed protection scheme, two additional case studies are defined in 

this subsection. In case 1, the length of the cable 1-2 was changed from 70-m to 40-m, 

while in case 2, the length of this cable increased to 150-m. 

Analysis of the previous subsection was shown that the most difficult fault 

identification was between far interconnected feeder faults F5 and adjacent feeder faults 

F6. Figure 10.13 shows the sub-transient short circuit current ib1, during faults F5 and F6 

for case study 1 and case study 2. Also, Figure 10.14 shows the derivative of the fault 

current ib1, during faults F5 and F6 for the two case studies. As the results show, by 

employing the AILI and utilizing the derivative fault identification method, the 

interconnected feeder fault and the adjacent feeder fault could be clearly identified in both 

case studies. In case study 1, the maximum ( )M
iCGCd tt dt during faults F5 and F6 were 800.5-

A/ms and 462.3-A/ms, respectively. Also, in case study 2 the maximum ( )M
iCGCd tt dt during 

faults F5 and F6 were 601.2-A/ms and 434.8-A/ms, respectively.  
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Figure 10.13: Sub-transient short circuit current ib1 with AILI = 0.1mH during faults F5 5 
m from bus 2 and F6 middle of the feeder. Case 1: length of the cable 1-2 was 40 m. Case 

2: length of the cable 1-2 was 150 m. 

 
Figure 10.14: Derivative of short circuit current ib1 with AILI = 0.1mH during faults F5 5 
m from bus 2 and F6 middle of the feeder. Case 1: length of the cable 1-2 was 40 m. Case 

2: length of the cable 1-2 was 150 m. 

It should be noted that for a larger system and by increasing the length of the cable, 

the equivalent inductance of the feeder will increase. Thus, in order to reduce the fault 

current front slop and increase fault current derivative resolution, implementation of bigger 

AILIs is more feasible, which is discussed in Figure 10.9. 
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10.7. Performance Evaluation of the proposed Protection Scheme 

Using the simulation model of the hybrid DC microgrid, the performance of the 

proposed event-based fault identification method is verified in terms of fault isolation, load 

support during a fault, and system restoration. 

The required time to interrupt a fault current and completely isolate the fault area 

through the CB and DS depends on the switching technology and operating speed of the 

contactor. In this study, a 150 µs and 3 ms operating time for the CB and DS are considered, 

respectively. This also includes communication delay. Figure 10.15 shows the performance 

of the protection scheme when the fault F5 was simulated. The fault occurred at t = 5 ms, 

5 meters from bus 2. It should be noted that the output current of the DC bus ibi , is measured 

for system protection. However, in order to better demonstrate the performance of the 

converter during the fault and after system restoration, the converter output current ici , is 

shown instead. 

As was shown in Figure 10.12, the protection system of the first unit was able to 

identify an interconnected feeder fault 0.12 ms after the fault incident. Then, CB1 and 

converter 1 at t = 5.27 ms were blocked. Similarly, the second protection unit identified an 

interconnected feeder fault and opened the CB2 at t = 5.27 ms. The third protection unit 

also detected an adjacent feeder fault when the maximum derivative of the fault current 

reached to 480 A/ms at t = 5.30 ms. Consequently, the CB3 was opened at t = 5.45 ms and 

converter 3 was stopped. 
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Figure 10.15: Performance of the event-based protection method during fault F5. 

Figure 10.16 shows the simulation test results in the case of bus fault F1. The grid 

was supplying load 1 with 250 W, load 2 with 2500 W, and load 3, a pulse load, with 3.25 

kW before the fault occurred. Following the fault incident, the protection of the first unit 

detected a bus fault since the derivative of the fault current exceeded the 2000 A/ms 

threshold. Then, CB1 was completely opened at t = 5.15 ms. Also, the protection of the 

second and third power unit detected a 493 A/ms and 376 A/ms maximum fault current 

derivative, respectively and classified the fault as an adjacent bus or feeder fault initially. 

Then, upon receiving the bus fault event from the first unit, an adjacent bus fault was 

concluded. The results show that the maximum fault current of the first and second unit are 

limited to 26.17 A and 19.86A, respectively. Following fault isolation, the energy 

management algorithm explained in 5, set the reference current of the second converter to 
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its maximum power capacity of 8 A, and adjust the rest of the required power to the 

bidirectional converter. The results show that the developed protection scheme and the 

energy management system were able to accurately identify the type of fault, isolate the 

faulted area and restore the system very quickly while the load voltage drop was limited to 

2.88%. 

 
Figure 10.16: Performance of the event-based protection scheme during fault F1. 

The test results have shown that the derivative fault classification technique 

together with the artificial inductive line impedance implementation were able to classify 

the type of a fault accurately, isolate the faulted area very fast, and restore system very 
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quickly while the loads were able to ride-through the fault uninterrupted. Thus, it can be 

concluded that the developed event-based protection strategy can be utilized in multi-

terminal DC microgrid, such as renewable energy distributed generation microgrids, data 

centers, or shipboard power systems where self-diagnosing and self-reconfiguring 

capability is in high demand. 
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 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

11.1. Conclusions 

This dissertation presented new techniques for the control, energy management and 

protection of the hybrid battery-supercapacitor storage system to improve the performance 

of the system in terms of efficiency, power quality and reliability. A laboratory-scale 

hardware/software-based hybrid DC power system was developed to experimentally 

evaluate contributions of this dissertation. This platform was equipped with a hybrid 

supercapacitor-battery energy storage system and was able to supply the loads with power 

up to 10-kW in a steady state condition and 18-kW in transient conditions. The 

implemented hybrid DC microgrid included three different types of fully programmable 

loads, which were the steady state load, dynamic load and pulse load. The energy storage 

devices, power electronic converters, programmable loads and main energy resources were 

completely reconfigurable for various studies. The developed setup had a real-time control 

and monitoring capabilities, which made the system as a unique platform for various power 

system studies and performance analysis, such as efficiency, voltage profile, current 

harmonics, power fluctuation and frequency variation, as well as system reliability. 

The effects of pulse loads on AC and DC power systems were analyzed to 

investigate the power and energy requirements of the load in terms of dynamic and average 

power and energy. Various supercapacitor-battery hybrid configuration were studied, and 

advantages and limitations of each configuration were discussed. Also, different aspects 

involved in the design, control and operation of a hybrid power system that incorporates 

pulse loads were investigated. Also, the design requirements of the hybrid DC power 
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system used to prevent even-order harmonics and DC current circulation were examined 

and experimentally tested. Two protection systems for safe operation of the supercapacitor 

bank were designed and implemented. These included a digital voltage protection, which 

was embedded to the real-time control system, and an analog hysteresis protection, which 

was designed to monitor different supercapacitor arrays. The experimental result shown 

that the developed protection system ensure safe operation of the supercapacitor bank and 

prevent over voltage due to uneven charge distribution, especially during very fast charges.  

In this dissertation, a new configuration for a direct connection of the 

supercapacitor bank and pulse load to a DC bus was proposed. The developed 

configuration improved the redundancy of the system as well as it reliability. In addition 

to supplying the pulse load, the supercapacitor was able to support the grid during the 

transient startup of the dynamic loads and reduce the stresses on power converters and 

storage devices. However, the energy management and control of such a redundant system 

were concerns since the heavy pulse load could cause high power pulsation and voltage 

drop on the entire grid. To reduce the adverse impacts of the pulse load, a novel, real-time 

energy management system and adaptive energy calculator were developed and presented 

in this dissertation. The developed energy management system utilized an adaptive energy 

calculator to dynamically calculate the required power of the grid. The performance of the 

energy management system were experimentally evaluated and were compared with other 

approaches suggested in the literature. The results showed that the developed technique 

caused about 0.84% more DC bus voltage variation than the direct voltage control. 

However, it effectively prevented high current pulsations of the converters. Moreover, the 

developed technique eliminated the power and frequency fluctuation of the generators 
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supplying the grid. Comparison of the performance of the developed technique with 

continuous current averaging method showed that the developed technique adaptively 

adjusted the total reference current during transient time, and the bus voltage was 

maintained within the limit even if the measurement had a considerable error.  

Grid connected DC microgrid power systems that incorporate heavy pulse load 

faces many challenges. Hybrid energy storage devices are of significant interest in such a 

system. High power and high energy capability of the hybrid storage devices improve the 

efficiency and reliability of the system. However, existence of the pulse loads causes 

various disturbances on the DC microgrid and the interconnected AC grid. In this 

dissertation, a new three-layer control scheme was developed to actively control a grid 

connected hybrid DC microgrid. Unlike conventional control methods, the developed 

control approach had the advantage of controlling both the voltage and the current of the 

system. The performance of the developed technique was experimentally evaluated. The 

results were shown that the developed scheme highly improves the dynamic performance 

of the hybrid DC microgrid and mitigated the adverse effects of the pulse load on the 

interconnected grid. The experimental test results for different pulse duty ratios were 

analyzed in terms of DC bus voltage drop, system efficiency, AC grid voltage drop and the 

frequency fluctuations.  The results shown that the developed technique caused slightly 

more bus voltage variation than the conventional method; however, significant 

improvements achieved in terms of reducing the AC grid voltage drop, enhancing the 

system efficiency and mitigating Ac grid frequency fluctuation. 

The DC power system is an effective architecture that leads to a more reliable power 

with higher efficiency, achieving a better integration of energy sources with fewer power 
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electronic converters. However, protection of DC power systems, especially multi-source 

distribution systems and multi-terminal dc lines, involves many challenges. Through 

extensive study, this dissertation presented the key requirements for the protection of these 

systems, such as personal safety, fault detection and location capabilities, equipment 

survivability and ride-through capability. Various grounding topologies utilized in DC 

systems were detailed and their advantages and limitations were compared in terms of 

personal safety, transient short circuit current behavior, fault detection and protection 

capabilities, and insulation requirements. In multi-source systems, the proper design and 

coordination of circuit breakers and disconnecting switches are very important to rapidly 

isolate the faulted area and restore the system. Different circuit breaker technologies and 

configurations were studied and their performances were compared. Moreover, a 

comprehensive overview of various fault detection and location techniques suggested in 

the literature were presented. The requirements and applications of these techniques were 

discussed and areas for future researches were indicated.  

This dissertation also presented a detailed model of a hybrid DC microgrid for 

transient and dynamic study. Different techniques for modeling of supercapacitor and 

battery energy storage devices were explained. Based on the explained techniques, an 

accurate virtual test-bed platform of the actual system was developed. The virtual test-bed 

model was implemented in the Matlab/Simulink environment. In order to evaluate the 

accuracy of the developed model, the normal and transient performances of the virtual test-

bed were compared with the experimental results. The simulation model results were 

consistent with the experimental test results which successfully validated the accuracy of 

the model. 
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A novel protection scheme for a multi-terminal DC power system was developed 

in this dissertation. The developed protection scheme was an event-based protection 

strategy, which transferred less data when compared with commonly used data-based 

protection methods, and did not require synchronization and high speed communication. 

The protection relays were able to autonomously identify the type of event by employing 

artificial inductive line impedance and utilizing a current derivative fault identification 

technique. Detailed fault current analysis considering low pass RC filter effects were 

investigated. This analysis can be effectively utilized to accurately set the protection relays. 

The performance of the developed protection scheme was evaluated using the virtual test-

bed platform. The results shown that the developed protection scheme was accurate and 

fast, and the grid were able to ride-through the fault uninterrupted. 

11.2. Future Work 

To enable large scale grid integration of sustainable resources without 

compromising security of the operation of the power systems, important technical 

requirements such as Low Voltage Ride-Through (LVRT) capability is imposed to 

distributed stations. Advanced control of the photovoltaic station with the maximum power 

tracking capability for normal operation and LVRT capability during a fault condition can 

be studied. The proposed method can be experimentally tested by connecting the PV 

emulator and hybrid storage to the AC grid. 

In the power train of future movable vessels, regenerative braking systems is a 

requirement for better system efficiency and lower exhaust emissions. The regenerative 

braking system should be designed so that the energy is effectively stored and reused while 
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the bus voltage is maintained within the limit. A test setup composed of a generator-motor 

and an adjustable load can be implemented. Control and energy management enhancement 

in the hybrid DC power system with regenerative braking capability can be studied. Also, 

the effect of fast start and fast stop on the bus voltage and stability of the test-bed system 

can be analyzed. 

Also, due to the increasing number of electronic and other non-linear loads, the 

harmonics and power quality of the system become more important issues. Implementation 

of ultracapacitor in the UPQC structure with an advanced control method is a new idea that 

can be experimentally tested and verified. 
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