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CHAPTER I 
INTRODUCTION 

 

1.1  Background 
 In A.D. 1883, The DC distribution system was proposed by Edison for service 

lighting system (Edison, 1883). At the moment, DC distribution grid (DCDG) attention is 

piqued by the increasing penetration of distribution energy resources (DERs) and some 

kind of load have to use DC voltage such as Data center and communications systems, 

which require 48 Vdc, are instances of DCDG. (Prabhala, Baddipadiga, & Ferdowsi, 2014). 

As is well known, DCDG distribution systems have several benefits over AC systems. 

However, DCDG has several drawbacks, including challenges with varying high-range 

voltage levels and producing significant amounts of DC power. An increase in load 

demand in DCDG will result in voltage drop and significant power loss; thus, systems 

with higher voltage levels often have higher reliability and efficiency levels. A voltage 

level changing of AC distribution system uses transformer which a transformer has high 

voltage changing ratio. To adjust a voltage level in the AC distribution system, a 

transformer with a high voltage changing ratio is used. Because of this, advances in AC 

distribution system technology have gained more traction than advancements in the 

evolution of DC distribution technology. Home DC power systems have the following 

three main advantages over AC systems: three main features: 1. great power quality, 

2. great efficiency, and 3. no synchronization required. The internal circuits of the 

majority of appliances in homes nowadays are powered by DC. As a result, an AC-DC 

converter is not needed for household appliances that are connected to DC power. 

When electric vehicles (EVs) are charged, the power converter stage's power loss may 

be minimized. Most power quality issues that are common in AC power systems may 

be more easily avoided in DC systems. Voltage sag and swell are seldom, and 

frequency fluctuation is not experienced by DC-powered home appliances.  
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Additionally unlike AC microgrids, which require a synchronization component for 

distributed generation, the DC power system allows cooperative control of PV, wind 

turbines, and ESS. (Nasirian, Moayedi, Davoudi, & Lewis, 2015). 

Additionally, a distribution system is dealing with the rapidly increasing electric 

vehicles (EVs) penetration, which can significantly increase load demand and security 

and stability impact the system. (Anastasiadis, Kondylis, Polyzakis, & Vokas, 2019). As 

previously indicated, by transferring load demand from peak to off-peak hours, load 

management techniques like load leveling, load filling, or load shifting can lessen the 

impact of load charging demand. However, an electric vehicle's battery may function 

as a mobile energy storage device that charges power from the grid during off-peak 

hours and discharges it back to the grid during peak hours. (Putrus, Suwanapingkarl, 

Johnston, Bentley, & Narayana, 2009). In general, EV charging load is lowest in the 

morning and peaks in the evening. A charging load demand evaluation was proposed 

in (Tiantian, 2018) based on Monte Carlo to model a large scale of EV charging demand. 

The load demand evaluation may be used to control the charging power level of a 

smart charging station to manage load charging demand based on charger connecting 

and disconnecting times, or it can be used to restrict charging power at the charging 

station via the operator. (Camus, Silva, Farias, & Esteves, 2009) (Schey, Smart, & 

Scoffield, 2012) (Morrissey, Weldon, & O’Mahony, 2016). 

 

1.2  Problem statement 
The DC grid is one of alternative in future power system because source, load 

and energy storage can be easy to integrate in the system through power electronic 
interface. DC grid has a better efficiency of interface with several renewable source 
such as photovoltaic based energy source and suitable with domestic and commercial 
appliances. There are two aspects of DC grid including urban point as well as rural 
point. in the urban point of view, a various appliance in commercial and residential 
such as laptop, computer, smart phone charger and so on require DC power which 
obtain from AC to DC converter or storage device. Hence, this circumstance can be 
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overcome by a DC grid system which can ensure stable and efficient supply of DC 
power directly serving for the appliances. In the rural point of view, many homes in 
rural areas of various developing countries are far from the main utility grid which grid 
extension is a serious concern. A grid transmission and distribution system building may 
have high cost and may not guarantee power supply reliable due to load shedding 
and poor power quality. So, A renewable energy resource-based generation such as 
photovoltaic become a popular as a solution for energy generation in rural area.  

Beside the increment of distributed energy resource (DERs), the number of EV 
significantly increase which can be made environmental benefit and economic benefit. 
The IEA predict a number of EV will reach 250 million in 2030. The main barrier of EV 
penetration is charging rate limitation which limitation causes long charging period from 
traditional charger such as level 1 and level 2 charger that have charging time around 
four to six hours. Normally, level 1 and level 2 charger are only used for overnight or 
charging at work. A level 3 DC fast charging have the charging capability less than 30 
minutes. However, the high charging power of level 3 charger brings additional burden 
of power grid which a large portion of energy requirement of charging station and a 
non-characteristic of charging station can be caused voltage fluctuation and power 
loss.  

To decrease impact of EV charging demand in form of high transmission energy 
loss and voltage fluctuation due to huge charging current flow which the reasons of 
impact are depended on connection type of load at each bus in DCDG, behavior of EV 
owner that effects to EV charging demand and building load profile.  

The author studies a DC distribution grid, impact of EV integration on 
distribution system and load balancing method to solve the problem of distribution 
grid and EV integration. To support various load voltage, the study led to bipolar DC 
distribution grid. The main problem of the distribution grid is unbalancing problem 
which increases a neutral current flow and lead to neutral power loss. The reason of 
the problem is unipolar load demand which can connect on positive pole or negative 
pole of the system. A different load demand at each pole can be unequal and led to 
unbalance problem. In case of impact of EV integration, an EV load demand integration 
is simulated in form of charging load demand which can impact on distribution grid 
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like unipolar load. A charging load demand have to evaluate based on EV owner 
behavior. Which charging load demand can improve unbalance problem on DC bipolar 
distribution grid. So, an unbalance problem of distribution grid and EV charging load 
demand can be solved by using load balancing method to search a optimal connection 
of load at each bus to reduce a total energy loss and VUF. 

So, the thesis presents a solution to impact of EV penetration in DC grid which 
research can be separated into 4 phrases as follow: phase 1 are validation simulation 
and base case simulation which simulate an IEEE system as a DC bipolar system to 
study an unbalance problem of bipolar system to reduce power loss and manage load 
connection type to have lowest power loss during 48-hours. The other part of phase 
1 is to balance load of base case to find an optimal connection type by using Particle 
Swarm Optimization (PSO). Phase 2 is a probability simulation of EV daily distance 
pattern by using Monte Carlo Simulation (MCS) to evaluate charging load demand, 
charging duration, plug-in duration and total duration of charging operation of EV fleet. 
Phase 3 is EV load demand integration on DCDG. The phase uses balanced DCDG 
integrating with EV charging demand based on MCS to study an impact of EV charging 
demand on DCDG in case of non-control a charging load at each bus. Lastly, Phase 4 
is to find an optimal connection type of EV load demand at each bus to reduce energy 
loss and voltage fluctuation by using PSO. 

 

1.3  Research objective 
 The objectives of load balancing method of DC bipolar distribution system are 

to reduce effect of unbalance problem of DCDG due to non-equal load capacity of 

positive pole and negative pole at each node. The unbalance problem of DCDG can 

be measured by using Voltage Unbalance Factor (VUF) which the reasons of unbalance 

load of DCDG are unplanned load, renewable energy resource integration and EV 

charging demand.  

 The primary goal of this study comprises of the following objectives: 

1.3.1 To study unbalance problem of DCDG and reduce unbalance problem by 

using load balancing method based on Particle Swarm Optimization (PSO). 
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1.3.2 To evaluate probabilistic of EV charging demand by using Monte Carlo 

Simulation (MCS). 

1.3.3 To reduce impact of EV charging demand on DCDG by using load balancing 

method based on PSO.  

 

1.4  Limitation 
1.4.1 A 48-hours of power flow simulation period is separated into 196 timeslots 

with 15 minutes per timeslot. 
1.4.2 Static switch power consumption is neglected. 
 

1.5  Structure of thesis 
 The present thesis is composed of six chapters, and the subsequent section 

provides concise overviews of each chapter. 

 Chapter I serves as the introductory section of this thesis, wherein the 

background information, problem statement, objectives, and overall structure of the 

thesis are outlined. 

 Chapter II provides an overview of DCDG that discusses a detail of DCDG 

topology. This includes an overview of impact of load unbalance on DCDG and load 

balancing method to solve the problem. The EV charging demand was discussed to 

evaluate load demand on DCDG based on probability distribution function (PDF) of 

plug-in time and unplug time by using Monte Carlo simulation. Lastly, this section 

discusses a V2G application on DCDG to solve the unbalance problem. 

Chapter III presents a methodology of this research which comprises of bipolar 

DC power flow with Gauss’s iteration method, load balancing method based on 

particle swarm optimization and Probability of EV charging demand based on Monte 

Carlo simulation. 

Chapter IV presents a simulation result that can be separated into 3 main 

topics. The first topic is a preliminary study of a DC bipolar distribution system. It 

includes Particle swarm optimization (PSO) is used to solve with a load balancing 
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technique for reduce power loss from neutral current and voltage unbalance factor 

(VUF) from unbalanced loads at each bus., as well as a power flow model of bipolar 

DC distribution grid. The goal function is load transferring at each bus to balance a load 

at each pole by taking into account different conditions, which results in a reduction 

in neutral current. 

The second topic presents an EV charging demand evaluation based on MCS 

which discusses a several behavior factor of EV owner on EV load demand.  

Lastly, the third topic presents an EV integration on balanced DCDG that 

present an impact of EV on DCDG in form of voltage fluctuation, neutral current flow 

and energy loss. In additional that the topic presents integrating load balancing method 

to reduce impact of EV based on PSO which the method is used to search a optimal 

of EV charging demand on DCDG. 

Chapter V concludes a simulation result of chapter IV. 
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1.6 Thesis overview 

 

Figure 1.1 Thesis overview 
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CHAPTER II 

LITERATURE REVIEWS 

 
In order to identify and determine the appropriate methodology, a thorough 

review of related research and methods is necessary. Chapter 2 addresses this need 

by providing an overview of recent research in several key areas, including the 

background of DCDG, impact of load unbalance in DCDG, Impact of EV charging 

demand and EV integration on DCDG. 

 

2.1  Overview of DCDG and application 
Since the "Current War" between Nikola Tesla and Thomas Edison, AC has been 

the foundation of electrical systems worldwide for the past century. (D. Kumar, Zare, 

& Ghosh, 2017). AC technology is utilized because AC voltage level can be changed by 

using transformer which at high AC voltage level can reduce power losses. Protection 

and semiconductor device developments that brought in the DC voltage era, including 

MVDC distribution systems and HVDC transmission. Due to increasing of populations is 

affect to distribution grid strain and extra capacity is required to serve all load in 

distribution grid. The power reliability and quality in urban areas is important. 

High-Voltage DC is suitable for transmission (Ryndzionek & Sienkiewicz, 2020) 
meanwhile MVDC is suggested for distribution in power system for rail system of urban 
or suburban traction system (Morris, Federica, & Dario, 2018) which MVDC is suggested 
for application for many reasons such as a limitation of transfer capacity increasing 
with the AC infrastructure. When compares a same size of DC conductor and AC 
conductor, a transfer capacity of DC is higher than AC at 1.5 to 1.8 times (L. Zhang et 
al., 2016). It improves power transmission efficiency due to DC uses a peak-voltage 
capability and doesn’t suffer from skin effect (Bathurst, Hwang, & Tejwani, 2015). So, 
MVDC can increase voltage and capacity in utilization areas by replace MVAC to MVDC.  
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A other main advantage of DC system is not need reactive power compensation which 
in AC system needed (Zhou & Yuan, 2009). A distribution renewable energy source 
connection to AC grid has to use conversion equipment and the unreliable problem 
of DGs that require BESS to storage excess power. In case of DC system, MVDC doesn’t 
required a conversion stage for support distribution renewable energy source and BESS. 
A goal of DG connection is voltage disturbance controlling and MVDC system with 
power converter can provide DG voltage control (Hrishikesan et al., 2021). 

MVDC is suitable for highly populated small metropolitan region such as where 

a high voltage transmission network could not be easily installed or the area without 

transmission network. After this, high voltage transmission system has a visual impact 

from power tower and power line which have an electromagnetic field impact along 

the cable pass way. Additionally, at low voltage level, MVDC capability can reduce a 

cost and sizing of converter (Stieneker & Doncker, 2016). 

However, MVDC have many challenges to reach the objective such as lack of 

protection system and circuit breaker development, lack of standardization and high 

DC installation cost due to power converter at high voltage level and a life span and 

efficient of power converter is lower when compared with AC transformer (Giannakis 

& Peftitsis, 2018).A main applications of DC system are railway, MVDC distribution 

system, offshore energy collection system and shipboard systems which are 

overviewed and summarized in TABLE 2.1 . For railway systems, a low DC voltage 

technology is used for metro, tram and subway systems that at long distance service 

route is recommended to use medium voltage around 750 to 10 kV and 20-30 kV for                          

high-speed railway system. On shipboard, MVDC power system is alternative to AC 

system due to reduce a weight of ship due to heavy transformer. In the other hand, 

the benefit of MVDC is not require a large onboard substation which the substation is 

replaced by MVDC power electronic with 5 to 35 kV of DC buses (Soman, Steurer, 

Toshon, Faruque, & Cuzner, 2017). The technology of DC distribution grid presents in 

form of MVDC system which have a reliability and flexibility with unipolar and bipolar 

bus topology. A distribution grid voltage range suggestion operation varies several 

 



12 

levels such as 1.5 kV to 100 kV, 5 kV to 50kV (Simiyu, Xin, Wang, Adwek, & Salman, 

2020) or 10-27 kV. From a voltage range can be concluded that a voltage level depends 

on range for distribution but some voltage range such as 50 kV or 100 kV is used for 

connecting to distribution renewable resource at far from main grid. Offshore collection 

is a renewable energy resource that installed on the ocean such as offshore wind 

collection. At present, MVDC is no active on offshore systems but a MVDC offshore 

advantage is lower weight of substation when compared with AC collection which can 

be reduce an investment cost of the system (Abeynayake, Li, Joseph, Liang, & Ming, 

2021).  

 

Table 2.1 Application of MVDC 

 Application 
Railways MVDC Distribution Offshore 

Collection 
Shipboard 

Voltage 
level 

- 600V-3kV for 
trams and suburb 
trains 
- 9 kV to 10.5 kV for 
long distance 
- 20 kV to 30 kV for 
High-speed train 

- 5 kV to 100 kV 
- ±10 kV to ±70 kV 

- ±25 to ±50 
kV 

1 kV to 35 kV 

Power - 3 MW to 5 MW for 
suburban 
- 12 MW for higher 
speed 

3 MW to 200 MW  160 MW to 
1200 MW 

- 2 MW to 7 
MW for 
smaller ship  
- 10 MW to 20 
MW for cruise 
ship 
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Table 2.1 Application of MVDC (Continued) 

 Application 
Railways MVDC Distribution Offshore 

Collection 
Shipboard 

Cases -London 
underground 
-Paris-Strasbourg 
high speed line 

-Zhuhai 
distribution 
project 
- Shenzhen MVDC 
demonstration 
project 

None 
Implemented 

Forsea Ferries 
Yara Birkeland 
 

 
Due to lack of standardize, a MVDC voltage ranges are required for several 

application have not been standardized. A rail system is a trend that uses various 
voltage range beginning at 600 to 1500 in 2010s and from 2010 to present the voltage 
can be reached to 24kV. In case of distribution system, a demonstrate project voltage 
range can be reach 27 kV. A MVDC is most implemented for shipboard system that the 
voltage was also 10kV. Finally, the suggested voltage of wind offshore collection is in 
the higher than other application that can be up to 20-35 kV. 

2.1.1 DCDG topology 
 There is a lack point of standardization on the technology. Therefore, A 

several difference configuration and voltage level can be implemented. The DCDG is 

widely used in data center, residential application and telecommunication system. 

  A DCDG component comprises of 1.) DC bus 2.) AC/DC converter 3.) 

energy storage and 4.) distributed generation. Typically, an AC/DC converter is used to 

link a DC bus to the main grid, converting AC voltage to DC voltage and powering the 

system's whole load. The simple DCDG is illustrated in FIGURE 2.1  
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Figure 2.1 DCDG systematic based on AC main grid  

  In figure 1, AC to DC converter acts as an interface of DCDG which the 

converter function is used to convert AC voltage to DC voltage. In a DC side of 

converter is connected to transmission line which there are many loads type as follow: 

AC load type and DC load type. In case of DC load type, a voltage level of application 

is lower than transmission voltage level in distribution system. So, the DC-to-DC 

converter is used to reduce voltage level from transmission level to household level. 

In case of AC load type, the DC to AC converter is used to convert from DC voltage to 

AC voltage.  

  The DCDG supports an energy storage system (ESS) and distributed 

energy resource (DER) which ESS is based on DC voltage same as voltage system. So, 

the DC-to-DC converter function is to increase from storage level to transmission level. 

In case of DER, the converter can be separated into 2 type that depends on voltage 
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type of DER. An AC to DC converter is used to convert AC voltage of DER to DC voltage 

of transmission system. In the other hand, DER based-on DC voltage uses a DC-to-DC 

converter to change voltage level from DER voltage level to transmission level.                    

a loss characteristic comparison of ACDG and DCDG is an effective way to lower power 

loss by minimizing power conversion because DCDG need at least one converter to 

connect to DC bus. The system efficiency, cost, and system size are all great for DCDG. 

Additionally, DCDG has high stability owing to the absence of reactive power and is 

more suitable with the integration of DERs (Yoldaş, Önen, Muyeen, Vasilakos, & Alan, 

2017). A DCDG can transmit power with two configuration that consists of unipolar and 

bipolar system. The difference of those configuration offer difference system ability 

such as available voltage level, reliability and power quality.  

 MVDC distribution system have several topologies such as radial, 

meshed, multi-terminal hand in hand, ring or combination as shown in Figure 2.2 (M. 

Yang, Xie, Zhu, & Lou, 2015) which the selected topology is depended on design 

requirements. When a conductor is placed farther down the feeder and has a lower 

diameter, radial topologies are more cost-effective (Jovcic, Taherbaneh, Taisne, & 

Nguefeu, 2015). However, the topologies are not reliable because a fault at beginning 

feeder can be cause of supply failure and lead to power outage. The topology is a 

unidirectional power flow which have a flexibility limit on distributed generation 

integration (Prakash, Lallu, Islam, & Mamun, 2016).  

 Ring structures provide a reliability system which load can be fed by 

two feeders. The structures comprise of two substructure that are open-ring loop 

structure and closed-loop structure. The open-ring loop structure in normal operation 

has a normally open point between two feeder that can be separated the ring 

structure to two radial feeders. In case of failure operation, the switch is closed and a 

failure section can be energized from other source in other side of system. The 

structure provides a reliability and flexibility because of multiple paths of power flow. 

In additional to that, a normally open point can balance load between feeding which 

improves a power supply reliability.  
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 Multi-terminal MVDC network is connected with multiple MVAC grid that 

provides many benefits such as power quality, flexibility and voltage support (Musa, 

Rehan, Sabug, Ponci, & Monti, 2017). Compared to ring networks, multi-terminal 

systems are easier to extend and have the capacity to connect several networks at 

once. Because the network with VSC-based systems are inherently unstable, further 

research and development is necessary to provide the safety and management of 

multiterminal MVDC networks (Pinto, Rodrigues, Bauer, & Pierik, 2013). 

AC 
Load

DC 
Load

 

(a) Radial topology 

Figure 2.2 Network topology 
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(b) Multi-terminal topology 

 

(c) Ring topology 

Figure 2.2 Network topology (cont.) 

 Which each topology can be separated into two main bus structure 

there are unipolar bus topology and bipolar bus topology. 
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DC UNIPOLAR BUS TOPOLOGY 

 A DC unipolar bus topology likes a single-phase AC power system that 

have only two wires for distribute power to load. In case of DC unipolar bus, the wires 

are called positive wire and neutral wire which a one conductor is used for feed current 

to load and other conductor act as a current return path of load. a source and loads are 

connected between the wires as shown in FIGURE 2.3 The energy is transferred through 

the DC bus at a single voltage level, so the DC bus voltage level choosing is important 

in this system. the system capability depends on voltage level which the high voltage 

level can increase power transmission system capability but the system demands DC-

DC converter to match user voltage level and increase safety risks. In the other hand, 

low voltage level has a transmission distance limitation. So, the suitable voltage level 

selection can avoid a large number of DC – DC converter deployment. The topology is 

practical for off-grid homes in isolated rural locations without utility grid infrastructure. 

The topology is a simple to implement and have symmetry between the pole. In the 
other hand, a single fault can be led to shut down the system and doesn’t offer different 
voltage level option to user (Jhunjhunwala, Lolla, & Kaur, 2016) (Karppanen et al., 2015). 

 

Figure 2.3 DC unipolar bus topology 
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DC BIPOLAR BUS TOPOLOGY 

A DC bipolar bus topology is a combination of two unipolar distribution 
systems which have a superior advantage over DC unipolar bus topology. The topology 
structure likes a three-phase AC power system with three wires for distribute an energy 
to load which the wires are called positive line, negative line and neutral line 
respectively as shown in FIGURE 2.4. The topology offers three voltage levels option 
which consists of +VDC, -VDC and 2VDC. Under a fault condition, when the system have 
a fault at one bus of DC pole. The load at fault bus can be transfer to other pole at 
same bus by using converter to switch load to another DC pole. Therefore, the reliability 
power quality and availability of the system during fault condition is higher than unipolar 
DC bus topology. A difference voltage level option offers a flexibility to consumer but 
the ability can be led the system to unbalance condition. The unbalance condition can 
increase neutral current flow that is a cause of neutral power loss and increase overall 
system power loss. So, the system demands a voltage balancer or load balance strategy 
to prevent unbalance condition (Kakigano, Miura, Ise, & Uchida, 2007).  

 

Figure 2.4 DC bipolar bus topology 

2.1.2 Voltage level standard of DCDG  

The main barrier of adoption of LVDC is lack of standardization which 
the LVDC products are already available on the market with their specification. The 
result of the barrier is additional cost of interface converter and complicated design 
process. The DC voltage level standard can be concluded in TABLE 2.2 
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Table 2.2 DC voltage standard and application 

Standard Voltage range Application reference 
IEC  

SEG4 

<48V 

400 V-1500 V 

 

Household appliance 

Electronic component 

EV charger 

EV fast charger 

Data center 

Aerospace project 

(Jang et al., 2021) 

IEC TR 63282 320 V-380 V 

640 V-760 V 

Commercial building 

Rail transit 

Distribution system 

(Ma, Li, Sun, & 

Sun, 2023) 

GB/T 35727 110 V to 1500 V   (Ma et al., 2023) 

CIGRE SC6.31 1500 V, (±750 V) 

750 V (±375 V) 

220 V (±110 V) 

DC distribution grid (F. Wang et al., 

2021) 

A low and medium voltage standard of DC distribution system specifies 
110 to 1500 V, (±750 V) as the low voltage range which is used such as communication, 
rail transportation, distributed power supply, etc. the range can be classified in two 
type depends on user’s point of view. The application of low- voltage can be divided 
into two category there are civilian and professional field. case of civil field is closely 
related to user’s lives such as office and residential. In such situations, safety and 
economy should come first in point of personal safety. So, the DC distribution network 
voltage level shouldn't be excessive. For professional field such as ship power supply, 
rail transportation, distribution system. the Practicality and flexibility are prioritized 
above everything else and relatively high voltage values can be selected. 
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2.1.3 Impact of load unbalance on DCDG 

In a bipolar DC distribution grid, a neutral current flowing depends on 

load demand at each pole which can be considered as 2 cases as follows: 1) load 

demand balancing case and 2) load demand unbalancing case.  

In case of load demand balancing case, a power demand at positive 

pole and negative pole is same which the load current of those pole will be equal. 

So, the both load current will flow to neutral bus with same current magnitude which 

the summation of those current at neutral bus will be equal zero and a neutral voltage 

at neutral bus will be equal zero, respectively. In case of load unbalancing, A 

magnitude of load demand of positive pole and negative pole is unequal. So, the 

summation of those current flow at neutral bus is unequal zero and the total current 

flow will flow to other bus for return to substation. So, this condition will be increasing 

neutral voltage bus and increase a power loss at neutral conductor which the problem 

can be increase neutral current on nearby balance load demand bus.  

 

2.2 Electric Vehicle Technology 
 A CO2 emission and fossil fuels dependence are a primary problem of internal 

combustion engine vehicle (ICE). The problem leads to energy security concern and 

rises of CO2 releasing in section of transportation system. A Figure …. presents an 

Electric vehicle technology which usually has four categories. Each type of EV, an 

electrification increases from left to right which fuel cell electric vehicle, hybrid electric 

vehicle and plug-in hybrid electric vehicle consume gasoline or diesel fuel together 

with electric energy to reduce carbon dioxide production and improve efficiency of 

vehicle. The first and fourth categories are not generated emission during operation 

vehicle which uses hydrogen fuel and battery to generate energy and storage energy 

during operation (Sanguesa, Torres-Sanz, Garrido, Martinez, & Marquez-Barja, 2021). 

 2.2.1  Fuel Cell Electric Vehicle (FCEV) 

  FCEV is a space travel technology which developed in 1960 and 

become a commercial concept in 2000. FCEV uses hydrogen as a fuel instead of 
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electricity or fossil fuel. The exhaust of FCEV doesn’t generate harmful emissions which 

is a cause of greenhouse effect phenomena. The FCEV can be categorized as follow: 

fuel cell electric vehicle and fuel cell hybrid electric vehicle which a configuration of 

powertrain displays in Figure 2.5 (Muthukumar et al., 2021). 

 

Figure 2.5. FCEV configuration of powertrain 

The FCEV suitable in application that requires a constant power at 

constant speed such as buses, forklifts, tram and etc. nowadays many manufacturers 

such as Toyota, Honda and Hyundai develop a prototype of FCEV with high efficiency 

in term of fuel economy and performance by implement with energy management 

strategy which a several aspects of FCEV is summarized in TABLE 2.3 

Table 2.3 several aspects of FCEV 

FCEV 

Drivetrain FCEV uses a fuel cell or hydrogen fuel to generate 

electricity by using cell membrane to drive a traction motor 

Efficiency Due to use electrical motor as a powertrain, FCEV offers a 

good acceleration and excellent performance, but a main 

drawback is availability of hydrogen fuel. 
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Table 2.3 several aspects of FCEV (Continued) 

FCEV 

Cost A cost of FCEV is higher than BEV due to Fuel cell is high 

and complex technology. 

Range FCEV have more traveling range than BEVs because fuel cell 

technology can be generated electricity to serve traction 

system, but a main drawback is availability of hydrogen 

fuel. 

Environmental 

Influence 

little influence on the environment 

Important Issue Fuel price 

Lifecycle of fuel cell technology in FCEV 

Lack of hydrogen refueling station 

 

2.2.2  Hybrid Electric Vehicle (HEV) 

 HEV is a combination of internal combustion engines (ICE) with an 

electric power train system which HEV can be operated in both fossil fuel and 

electricity. HEV is optimal for daily usage in urban areas than driving in the city because 

an urban area can recharge the battery during braking operations in regenerative 

braking operation. While driving in the city, HEV is operated in an idling stop which HEV 

must frequent starting and stopping ICE of the car. 

  The ICE and electric motor of HEV are optimized to reduce release 

pollution and convert inertia energy to electric energy for improving fuel efficiency and 

performance(K. V. Singh, Bansal, & Singh, 2019). The design of HEV is illustrated in Figure 

2.6. The HEV’s drivetrain converts vehicle’s power source such battery or ICE to wheel 

which HEV can be categorized into 3 types depending on connecting of ICE and electric 

motor as follow: series-HEV, parallel-HEV and series-parallel HEV. A series HEV topology 
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is the best performance for stop-and-go driving pattern which ICE and wheels does not 

connected with mechanical part. Generally, ICE is used to driving a generator to 

generate electrical power which the output power is stored in battery and transmits 

to electric motor via DC bus and converter to drive the wheel (Tran et al., 2020). The 

engine runs with various speed to reach the high efficiency. Series-hybrids HEV is 

suitable for infrastructure service such as bus with high traffic route. A parallel HEV 

topology has directly mechanical connection of ICE and wheel which electric motor is 

used at low speed. The topology combines a torque to transfer to wheel via 

transmission system and gear. The topology reduces energy loss but less suitable for 

stop-and-go traffic when compared with series-hybrid HEV (Emadi, Rajashekara, 

Williamson, & Lukic, 2005). 

 With the gearbox, series-parallel HEV have an extra mechanical link 

between the generator and motor which give a benefit of series HEV and parallel HEV. 

Power flow management of splitting power is one of the primary issues with series-

parallel HEVs as it incorporates operational parts from both series and parallel systems, 

adding to the complexity of the system. The summary of HEV topology and application 

is presented in Table 2.4 -2.5 
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Figure 2.6 design powertrain of HEV 

Table 2.4 HEV topology and application 

HEV 

topology 

Efficiency Advantage Drawback Application/Example 

Serie Low Traction 

powertrain 

efficiency 

improvement 

Flexibility 

improvement 

Operate with low 

emission 

Large capacity of 

traction 

powertrain 

system 

Several level of 

energy 

transformation 

Heavy vehicle such 

buses, truck and 

locomotive 

Example 

- Renault Kangoo 
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Table 2.4 HEV topology and application (Continued) 

HEV 
topology 

Efficiency Advantage Drawback Application/Example 

Parallel Medium Possible to 
operate with 
zero emission 

Require high 
voltage for 
improve efficiency 

Household car for 
inner city 
Example 
- Honda Civic 
- BMW 7 Serie 

Series-
Parallel 

high Possible to 
operate with 
zero emission 
High flexibility 

High-cost system 
Complexity 
control system 

Light commercial 
vehicle 
Example 
- Volvo C30 
- Toyota Prius 

 

Table 2.5 A feature of HEV 

Hybrid Electric Vehicle (HEV) 

Powertrain Internal combustion engine and electric motor with battery 

Performance A good performance for EV with a good accelerating rate 

Cost A HEV cost is the lowest when compares with other EV 

technology 

Range Due to hybrid engine can provide additional range which 

have a moderate range. 

Environmental Impact an electric motor can reduce environment emission 

releasing. So, HEV releases emission more than FCEV bus 

less than ICE. 

Important Issue Overall price and complexity 

Battery maintenance cost 
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2.2.3  Plug-in Hybrid Electric Vehicle (PHEV) 

 PHEV is a combination of ICE with electric motor and battery same as 

HEV but PHEV have larger battery pack than HEV with onboard charging system which 

can be recharged battery during parking at parking lot. The vehicle can operate on 

electricity for a short trip. In case of long distance, PHEV have to operate with ICE. The 

on-board computer of the car will determine when and how much gasoline to utilize 

based on the driving style selected (X. Wang, He, Sun, Sun, & Tang, 2013). which the 

basic layout of PHEV is illustrated in Figure 2.7 and a TABLE 2.6 presents a 

comprehensive summary of PHEV. 

 

Figure 2.7 PHEV basic layout 
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Table 2.6 comprehensive summary of PHEV 

Plug-in Hybrid Electric Vehicle (PHEV) 

Powertrain Combine of ICE with electric motor and large capacity of 

battery which can use external power source to charge the 

battery. 

Performance Good performance and acceleration but lower top speed 

Cost Due to large capacity of battery, it has higher cost than HEV. 

Range Due to lager capacity of battery than HEV, PHEV has a 

extended range. 

Environmental Impact Low environment impact 

Important Issue High weight and dimension of battery pack 

Impact on distribution grid due to charging ability 

Battery management 

  

2.2.4  Battery Electric Vehicle (BEV) 

 BEV is a fully electric vehicle which operate with full source of electricity 

and battery pack. An efficiency of EV is higher than HEV in term of greenhouse effect 

gas releasing and energy conversion. EV have a regenerative braking to convert wheel 

kinetics energy to electrical energy via generator that was converted from electric 

motor to store in battery. So, EVs are suitable for city driving cycle because EVs can 

frequent stop and starts application during heavy traffic jam in a city(Nicoletti, Mayer, 

Brönner, Schockenhoff, & Lienkamp, 2020). A basic layout of EV is presented in Figure 

2.8 and comprehensive summary is presented in TABLE 2.7 
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Figure 2.8 BEV powertrain configuration 

Table 2.7 comprehensive summary of BEV 

Battery Electric Vehicle (BEV) 

Powertrain High accelerating rate and top speed 

Performance The efficiency of EV is limited by capacity of battery and 

converter unit 

Cost Highest cost due to large of battery and EV technology 

Range The range is limit by capacity of battery and distance 

between charging infrastructure 

Environmental Impact Low impact due to no emission from electric motor but it 

has an environment emission from electricity generation of 

power plant 

Important Issue Stationary battery-charging infrastructure 

Battery pack replacement cost 

  

2.2.5  Comparative of Different Electric Vehicle Technology 

 Since the late 19th century, when EV technology was first developed, 

it has advanced quickly. There are many different technologies available on the market 

today, ranging from conventional internal combustion engines to more contemporary 

hybrid electric, plug-in hybrid electric, battery electric, and fuel cell electric cars. The 
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consumer must determine which kind of EV technology best meets their demands, as 

each has pros and downsides of its own. In the end, each user's money, objectives, 

and lifestyle will determine which EV is ideal for them in any specific circumstance. 

Table 2.8 presents a comprehensive comparative study of all EV types, along with their 

respective advantages and disadvantages. 

 

2.3 Battery charger and architecture 
A one of important components of electric vehicle are battery and charging 

topology that likes a fuel tank and refueling method of internal combustion engine 

vehicle. which are two main categories of EV charging facilities as follow :1) on-board 

charging and 2) off-board charging. Each category can be categorized based on their 

power flow designs, which might be unidirectional or bidirectional. EV battery chargers 

can be further classified. The bidirectional charging system ability can deliver power 

from grid to vehicle and discharge energy back to grid with a high power which can’t 

be supported by on-board charger due to restriction of several factor. EV charger can 

be categorized many types such as energy source, charger installation, cable type and 

charging level which the detail is presented in next subsection 

2.3.1  EV’s Charging method 

Normally, an EV’s battery energy is consumed by traction motor and 

auxiliary service such as air condition, front and rear lighting system, multimedia system 

and driving support system. So, the battery requires to recharge for refill the energy to 

reach a suitable level for daily usage via charging infrastructure which have mainly 

three charging method as shown in Figure 2.9 
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Figure 2.9 Charging topology 

 

Table 2.8 Comprehensive study of all EV technology (M. Kumar, Panda, Naayagi, 

Thakur, & Panda, 2023) 

Technology Description Advantage Disadvantage 

Hybrid Electric 

Vehicle (HEV) 

An internal combustion 

engine and electric 

motor combination that 

the vehicle consumes 

gasoline fuel integrating 

with traction motor and 

battery 

- The efficient is 

higher 

conventional ICE 

vehicle 

- low emission 

- fuel cost saving 

-High manufacturing 

cost 

- short of battery 

range 

Plug-in Hybrid 

Electric Vehicle 

(PHEV) 

An internal combustion 

engine, electric motor 

and battery 

combination with an 

ability to charge a 

battery from external 

power source. 

-Longer battery 

range 

- low emission 

- low fuel cost 

- support plug-in 

charge from 

external source 

- high manufacturing 

cost 

-limited charging 

infrastructure 

-battery lifetime 
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Table 2.8 Comprehensive study of all EV technology (Continued) 

Technology Description Advantage Disadvantage 

Battery Electric 

Vehicle (BEV) 

A fully powered by 

electricity with 

rechargeable batteries 

- Zero emission 

- Low fuel cost 

- Long battery 

range 

 

- high manufacturing 

cost 

-limited charging 

infrastructure 

-battery lifetime 

Fuel Cell 

Electric Vehicle 

(FCEV) 

A combination of 

electric motor and fuel 

with reaction between 

oxygen and hydrogen 

-High efficiency 

-No emission 

- High cost 

- Limited fueling 

station 

 

Conductive charging method 

The charging method is conventional method that uses a conductor 

wire to directly connect an EV’s battery to supply system via charging plug of charger. 

The method has high efficiency when compares with wireless charging method. The 

method is very dangerous when is used without safety equipment. Nowadays, many 

charging topologies were presented for single phase charger and three phase charger 

(B. Singh et al., 2003) (B. Singh et al., 2004) which consists of AC/DC converter, power 

factor correction and DC/DC converter. The type of conductive charger can separate 

into two categories as follow: on-board charger and off-board charger. Generally, 

onboard charger of EV can charge an EV with slow charging which a charging process is 

simple by using charging plug connecting to household outlet. In case of off-board 

charger, the method can be given a fast-charging service to EV’s battery by using wall 

charger. Which the component of each charger type as shown in FIGURE 2.10-2.11 

(Yilmaz & Krein, 2012) 
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FIGURE 2.10 onboard EV charger component 

 

Figure 2.11 off board EV charger component 

Infrastructure development and availability for EV charger infrastructure 

can decrease a capacity of EV battery which EV charger infrastructure have three power 

charging level. The charging level can be separated into 3 categories as follow: level1, 

level2, level 3 or DC fast charging which the most vehicle can be charged on level 1 

and level 2 charger, but some model cannot charge at level 3 charger. Nowadays, the 

level 1 and level 2 charger are a primary option which suitable to household 

installation due to EV owner charges at home overnight which supports to EV’s owner 

daily life. While level 3 charger is used to for commercial charging station (Botsford & 

Szczepanek, 2009).  

Level 1 charging is the slow charging which does not require an 

additional charger device. So, the charging will use only wall outlet to charge an EV 
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battery with on-board charger which have a lowest cost but needs a long time to be 

fully charged due to the charging uses low power rating and low impacts on distribution 

grid. A slow charging is suitable to install at home, office or working place to service 

EVs in working period or resting period due to charging power is up to 2 kW with 120-

220 VAC which have charging time 4 – 6 hr. so, the charging is suitable with EV owners 

that parks EV at parking lot in a long time. 

Level 2 charging or primary charging uses 208 V or 240 V with current 

up to 80 A. which charging power is up to 19.2 kW. A charging time of level 2 charging 

is shorter than level 1 charger. To achieve level 2 charging, the EV need home or public 

additional EV supply equipment installation. So, the charging is suitable to distribute 

to other place such as office, restaurant or convenient store that the place has an 

activity time equal or higher than charging time (1 hr. to 3 hr.). 

Level 3 charging is designed to operate as a refueling station which can 

be fully charged less than 1 hrs. which can be installed at main road or highways. A 

level 3 charging level need a 480 V or high voltage power supply to operate and 

available only as an off-board charger due to a charging power rate is up to 100 kW. 

So, a level 3 charging does not suitable to install at household due to many problems 

such high installation cost, safety issue and rated of power supply. The charger is 

installed in shopping centers, parking lots, restaurants, theaters or etc. which present 

an advantage of high charging power in term of charging time but it can be increased 

a peak demand in the distribution grid(Botsford & Szczepanek, 2009). So, the capability 

of EV is important to choosing power level type which the TABLE 2.9 show charger 

rated at different levels. 

At each type can be classified based on power flow direction as follow: 

1) unidirectional charging and 2) bidirectional charging which the detail of the category 

is discussed in next subsection. In future, a robot is developed to connect charging 

plug to EV’s charging port. The charging method have a lot of standards that was 

developed by many organizations to support charging devices such as SAE J1722 
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standard or IEC 61851 standard. Which the standard discussion is presented in TABLE 

2.9 

The SAE standard is developed and used to determine a charging port 

type and charging connector that have many types with various countries. The charging 

port and charging connector based on SAE standard are shown in FIGURE 2.12 And 

2.13, respectively. 

 

Table 2.9 specification of charging level 

Power 

level type 

Power rate 

(current 

rated) 

Voltage Charging 

time 

Vehicle 

technology 

supported 

Suitable 

Installation 

location 

Level 1  

Slow 

charging 

1.4 kW (12A) 

1.9 kW(20) 

120 VAC 

230 VAC 

4-11 hours 

11-36 hours 

PHEVs(5-

15kWh) 

EVs(16-

50kWh) 

Home 

Office 

Level 2 

Primary 

charging 

4 kW(17A) 

8 kW(32A) 

19.2 

kW(80A) 

240 VAC 

400 VAC 

1-4 hours 

 

2-6 hours 

 

2-3 hours 

PHEV(5-

15kWh) 

EVs(16-

30kWh) 

EVs(3-

50kWh) 

Home, 

department 

store 

Level 3 

Fast 

charging 

50 kW 

100 kW 

208-600 

VAC 

0.4-1 hours 

0.2-0.5 

hours 

EVs(20-

50kWh) 

Commercial 

building 
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Figure 2.12 charging port 

 

Figure 2.13 Charging connector  

Wireless charging method 

A wireless charging method or inductive charging method is a charging 

method without directly connected but connected through magnetic field. Normally, 

the charging method is used to charged electric bus battery during stop at bus stop or 

charging point which the highest efficiency of charging method is 90 %(Yue Cao, Ahmad, 

Kaiwartya, Puturs, & Khalid, 2018; Y. Yang et al., 2018). There are three wireless charging 

method as follow: 1) inductive, 2) resonant inductive and 3) capacitive wireless charging 

(Musavi & Eberle, 2014; Zhenshi Wang, Wei, & Dai, 2016). 
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Inductive wireless charging 

Inductive wireless charging (IWC) is a basic idea of technology that 

contains AC/DC converter to convert AC power supplied from utility grid to DC power. 

Then, A DC power is converted again to high frequency AC power and fed to primary 

coil that all of component are installed in street underground. While an EV have to 

install secondary coil to receive power from primary coil via electromagnetic induction 

through the air gap. A received AC power have to converted to DC by AC/DC converter 

and charged to battery (Li & Mi, 2015). A inductive wireless charging simplified diagram 

is shown in FIUGRE 2.14 which IWC can classified into dynamic inductive charging and 

static inductive charging. For inductive charging, EV have to park over a primary coil 

during charging while dynamic inductive charging can charge EV during moving (Un-

Noor, Padmanaban, Mihet-Popa, Mollah, & Hossain, 2017).  

At present, WC is only supported to unidirectional power flow from grid 

to vehicle but in the future the technology is developed to discharge power to the 

grid. The advantages of this technologies are user convenience, electrical safety and 

not require charging cable but the challenges are less efficiency due to high power 

loss, large charging time and huge investment cost. 

 

Figure 2.14 Simplified diagram of inductive charging  
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Battery swapping method 

Battery swapping station (BSS) replaces a drained or discharged battery 

by charged battery in few minutes which the advantage is no waiting time (Sarker, 

Pandžić, & Ortega-Vazquez, 2015). the method is suitable for electric motorcycle or 

electric folk lifts that have high battery capacity which have a long charging time by 

using conductive charging method. In case of transportation vehicle such as E-bus or 

E-car, the method is unsuitable to use because a reason of battery warranty, weight of 

battery and size of battery due to swapping station must stock many sizes of battery 

to support many models of EV. So, the station requires the huge investment (Zheng 

et al., 2014) (Sarker, Pandžić, & Ortega-Vazquez, 2013). 

The advantage and disadvantage of each charging type is concluded 

and shown in Table 2.10 

 

Table 2.10 advantage and disadvantage of each charging method 

Charging type Advantage Disadvantage 

Conductive charging Various charging power level 

Support V2G service 

High efficiency 

 

Slow charging Extending the battery 

lifecycle 

Low heat generated during 

charging procedure 

Long time charging 

Fast charging Short charging duration time 

Support transport 

infrastructure such as bus 

route. 

High battery degradation 

rate. 

Inefficient charging 
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Table 2.10 advantage and disadvantage of each charging method (Continued) 

Charging type Advantage Disadvantage 

Wireless charging Non-wear and tear on 

connector 

Effortless charging procedure 

Enhanced safety 

Lower efficiency 

High investment cost 

Limited Compatibility  

Battery swapping  Low charging time 

Increase EV range and 

driving flexibility 

High infrastructure cost 

and operational cost 

Require precision 

engineering 

 

2.3.2  EV’s Charging Classification Strategy 

A fleet of EV have to recharge battery for daily usage at various location 
such as home, working place or charging station which each location has difference 
electrical capabilities such as voltage level (low voltage or high voltage), voltage type 
(single phase or three phase) or electrical policies (restriction of charger power rated at 
each location). So, each place can install difference type of charger that have a 
difference charger level such as slow charging (level 1), primary charging (level 2) and 
fast charging (level 3). 

The distribution system faces a lot of problem of EV penetration level 
due to various charging level which the charging impact of EV fleet has many factors 
such as charging level, number of EVs charging in same time and charging control method 
these factors can affect the system performance power loss. To discusses a charging 
method and EV charging impact, the EV charging method classification presents a 
charging strategy, charging approach, energy flow directional and, control architecture 
which as shown in FIGURE 2.15  
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Figure 2.15 EV charging method classification 

The charging strategy or charging behavior control method is a method 
for control EV’s charging behavior to reduce impact on distribution grid which comprises 
of three methods as follow: 1) uncontrolled charging method, 2) Time of Use tariff and 
3) controlled charging method or smart charging. 

Uncontrolled charging method is a simple method and used frequently 
which an EV’s owner can be charged their EV immediately or after defined time. During 
charging period, A grid operator can’t be controlled charger and can’t accessed to 
charging information, parameter etc. charging process. So, the charging load varies 
randomly within a specific time which can be produced many problems for distribution 
grid in term of under voltage, frequency fluctuation and power outage due to rapid peak 
power. Reference (Verzijlbergh, Grond, Lukszo, Slootweg, & Ilic, 2012) presented an 
impact of uncontrolled charging and controlled charging on medium voltage of 
distribution cable, transformer and substation. An issue of uncontrolled charging can be 
lead to a problem of management, control and operation of power system which can 
be decreased system stability due to high peak demand (Saldaña, San Martin, Zamora, 
Asensio, & Oñederra, 2019). EV charging station without control strategies can consume 
the power as high as 350 kW per charger. So, the EV charging station in some building 
such as office or department store  can increase monthly peak power demand up to 
250 %(Gilleran et al., 2021). 

Time of Use tariffs or TOU tariffs is an electricity price changing based on 
time along the day which depends on power demand at each period. At each period of 
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the day, in case of off-peak period such as power demand less than power generated, 
the price is cheap to influence EV owner connecting EV to grid. In the other hand, the 
price can be risen when EV owner charges their EV during peak-time. So, TOU tariffs can 
be shift load demand or charging demand from peak load demand to off peak load 
demand. The method can be reduced stress of distribution grid. 

Smart charging or controlled charging is an integration of uncontrolled 
charging and TOU tariff to achieve more benefit in technical term and economic reason. 
The method allows a grid operator communicating to EV for create an optimal charging 
schedule. A controlled charging method is used to reduce grid impact. The charge and 
discharge management can be centralized, decentralized and hierarchical 
method(Deilami, Masoum, Moses, & Masoum, 2011). In case of centralized control 
method, aggregator or operator can directly control and manage a behavior of EV’s 
charging and discharging. The aggregator can control charger via control signal to optimize 
the charging and discharging rate of EV to search an optimal solution and give various 
service to grid. This method become with several limitation and challenge such as a 
backup system to support a system during a fail to solve the problem of aggregator. The 
other problem is solving time that depends on a number of EV so large-scale of EV fleet 
and time solving becomes a main problem of centralized control method (Nimalsiri et 
al., 2020) (Alshahrani, Khalid, & Almuhaini, 2019). In present, a objective of optimization 
is used to planned for a EV’s charging and discharging in distribution network to give a 
maximum benefit for grid utility and EV owner such as minimizing daily energy loss and 
maximizing EV’s owner profit (Einaddin & Yazdankhah, 2020). A centralized control 
strategy determines a number of vehicle to control total charging demand via grid 
operator or aggregator which these strategy provides many benefits to the EV owner and 
the grid such as improve voltage profile, reduced power loss and reduce peak power by 
using valley-filling (Clement-Nyns, Haesen, & Driesen, 2010),(Sortomme, Hindi, 
MacPherson, & Venkata, 2011).  

There are two control architecture method to control an EV charging as 
follow: A centralize charging method, a EV charging system have aggregator unit (AU) to 
decide to charge a EV battery by using EV information like state of charge, vehicle 
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location, parking time, amount of vehicle and etc. (García-Villalobos, Zamora, San Martín, 
Asensio, & Aperribay, 2014). which a main barrier of  centralize are privacy and security 
policy due to aggregator can achieve to EV information. The architecture as shown in 
FIGURE 2.16 the aggregator function is keeping a benefit of grid utility and EV owner. The 
method is fully support to an ancillary service which the control method is high 
complexity and can support a EV consumer with limitation (Deng, Liang, Tan, & Wang, 
2016). The method has high computation time to manage EV fleet in service area and 
requires many conditions to manage or schedule charging load which reduces flexibility. 

 
FIGURE 2.16 centralize charging method configuration 

In case of decentralized control method, the method allows an EV owner 
and grid operator define some parameter to reach a specific target such as minimize 
charging cost so grid manager can indirect control charging or discharging behavior of EV 
user to achieve a pricing strategy and using price incentives strategy to transfer load from 
peak-hours to off-peak hours. The decentralized method lacks direct control which the 
optimal solution can’t be guaranteed. So, ancillary service in decentralized control is 
more difficult than centralized control. The decentralized control is suitable for large-
scale of EV fleets which EV’s owner can be shared charging, discharging and state of 
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charge information. So, this method requires a communication system to communicate 
between EV’s owner and aggregator (Aghajan-Eshkevari, Azad, Nazari-Heris, Ameli, & 
Asadi, 2022). The aggregator can be used the information to decision charging and 
discharging cost via price-based demand response strategy to take benefit for grid. A 
practical demand response was proposed in (Bahrami & Parniani, 2014) which consider 
an impact of EV charging strategy on the electricity price and optimize the charging cost 
of EV battery. In (Amiri, Jadid, & Saboori, 2018) implements valley filling in a distribution 
network with considering decentralized control which a decentralize charging control 
configuration is shown in FIGURE 2.17  

 
Figure 2.17 decentralize charging control configuration 

Therefore, A comparison of centralize and decentralize charging control 
is presented in TABLE 2.11 
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Table 2.11 Comparison of centralize and decentralize charging control 

Characteristics Control architecture 

Centralize Decentralize 

Charging decision The aggregator or 

 network operator 

EV owner 

Control action Direct control Price-based control 

Ancillary service Fully supported Partially supported 

Complexity More less 

Flexibility less More 

Scalability less More 

 
The charging approaches can be classified into two approaches as follow: 

1) direct controlled approach and 2) indirect control approach which a direct controlled 
approach allows an operator to control a charging procedure to reduce impact on grid, 
fulfil a user demand and achieve the financial performance. In the other hand, indirect 
control allows an EV’s consumer to fully control charging procedure such as charging 
time, charger capacity and etc. the operator can’t be directly controlled charging 
procedure, but they control via charging price such as off-peak or on-peak hours price. 
So, A smart charging approach is developed to control charger power output that can 
be controlled from zero to maximum power and controlled charging duration. while EV 
connected to charger, The EV is not charge all time because the power output of charger 
can be control to zero during peak hours by operator (Kong & Karagiannidis, 2016). 

The energy flow directional comprises of two direction flow as follows: 
1) unidirectional energy flow and bidirectional energy flow which the operation at each 
mode as shown in Figure 2.18  
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Figure 2.18 Unidirectional and bidirectional energy flow 

A unidirectional energy flow is an energy flowing characteristic from grid 
to EV for recharge EV battery. In case of bidirectional directional energy flow, the method 
can be flown energy in two directions as follow: 1) charging mode (energy flow from grid 
to EV) 2) discharging mode (energy flow from EV to grid) which a bidirectional converter 
installed on EV or bidirectional charger can support V2X and V2G technology, 
respectively. In charging mode, An EV battery act as load to recharge energy from grid 
and discharging mode EV battery act as source to reserve or to release energy to grid for 
support grid operation. Which the method can be change a EV as a mobile energy source 
and flexible load (Hosseini, Badri, & Parvania, 2012).  

The objective of charging method can be classified on many types of 
objectives such as charging time, waiting time, charging cost, system loss, emission and 
power quality issue to design or develop a charging station, strategy and equipment to 
improve efficiency of EV charger station.  The EV charging infrastructures are shown in 
Figure …. Which comprises of power infrastructure, communication infrastructure and 
control system.  

By objective function 
The charging method can be classified on many types of objective 

function such as reduced charging time, waiting time, energy cost, emission, charging 
cost, system loss or power quality issue. For simulation, researcher can be used only 
one objective or multi-objective which TABLE 2.12 Reviews research paper with various 
objective function. 
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Table 2.12 literature review of various objective function simulation 
Author Objection function discussion 

(Mohsenian-Rad & 
Leon-Garcia, 2010) 

Charging cost minimization 
based on real time pricing 

The research presents a 
comparison of real time pricing 
model for improve economic 
and environment with common 
current flat rate by using simple 
and efficient weight average price 
prediction based on data set 
from Illinois power company 
from January 2007 to December 
2009  
 

(Deilami, Moses, 
Masoum, & Abu-
Siada, 2013) 

Power loss minimization 
with peak shaving strategy 
based on Time of use tariff 

The paper proposes a smart load 
management approach for 
coordinating plug-in electric 
vehicle (PEV) chargers in 
distribution and residential 
networks. The approach aims to 
achieve peak shaving, minimize 
power losses, and improve 
voltage regulation. A simulation 
results based on the proposed 
SLM approach are presented and 
discussed a different charging 
scenario and the effects of 
charging stations are compared. 
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Table 2.12 literature review of various objective function simulation (Continued) 
Author Objection function discussion 

(Y. Cao et al., 2012) Charging cost minimization 
with peak shaving and fill 
valley based on Time of use 
tariff 

The paper proposes an 
optimized EV charging model 
that considers time-of-use (TOU) 
price and the state of charge 
(SOC) curve to minimize charging 
cost and flatten the load curve. 
The result of simulation presents 
a optimized charging pattern and 
flat load curve to reduce cost. 
 

(Martinenas, 
Pedersen, Marinelli, 
Andersen, & 
Trreholt, 2014) 

Charging cost minimization 
with real time pricing 

The paper proposes a real-time 
control strategy for charging 
electric vehicles using a dynamic 
price tariff to minimize charging 
costs. The result presents an 
optimal scheduling that 
generated by algorithm based on 
price signal. 
 

(Anderson, 2014) Charging cost minimization The paper proposes a dynamic, 
real-time, demand-influenced 
energy pricing mechanism for 
billing EVs charging process 
during congested timeslots. 
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Table 2.12 literature review of various objective function simulation (Continued) 
Author Objection function discussion 

(Misra, Bera, & 
Ojha, 2015) 

Optimal charging cost 
and reduce load demand 
during peak hours 

The paper proposes a distributed 
dynamic pricing policy for managing 
plug-in hybrid electric vehicles (PHEVs) 
in a smart grid architecture. The 
simulation result presents a Utility of 
PHEVs increases by approximately 34% 
with the proposed architecture. 
 

(Binetti, Davoudi, 
Naso, Turchiano, 
& Lewis, 2015) 

Minimize power loss, 
voltage deviation, 
operational cost, load 
variance and emission 

The paper proposes a decentralized 
algorithm for scheduling EV charging 
which the algorithm is non-iterative, 
scalable, and suitable for real-time 
implementation. A simulation result 
presents an effectiveness of proposed 
algorithm for scheduling a large 
population of EV in a decentralized 
charging control. 
 

(Latinopoulos, 
Sivakumar, & 
Polak, 2017) 

EV load scheduling based 
on dynamic pricing  

The paper discusses how electric 
vehicle drivers respond to uncertain 
future prices when charging their 
vehicles away from home. It uses a 
survey to observe their preferences for 
hypothetical charging services and 
finds that most drivers are risk averse 
and prefer a certain price over an 
uncertain one. 
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Table 2.12 literature review of various objective function simulation (Continued) 
Author Objection function discussion 

(X. Zhang, Liang, 
Zhang, Bu, & 
Zhang, 2017) 

Reduce peak or valley 
and improve economic 
with time of use tariff 

The paper proposes a peak-valley 
time-of-use charging price model for 
private charging piles in Beijing to 
optimize the charging pricing and 
promote the large-scale adoption of 
private electric vehicles (PEVs). The 
case study suggests that the proposed 
peak, average, and valley price in 
Beijing should be 1.8, 1, and 0.4 
yuan/kWh, respectively, to promote 
the large-scale adoption of PEVs. 
 

(Moon & Kim, 
2017) 

Balance charging with 
time of use tariff 

The paper discusses a method for 
managing electric vehicle charging 
demand by considering both the costs 
and loads simultaneously, aiming to 
find a balanced state that satisfies both 
the users and system operators. 
 

(X. Zhang, Liang, 
& Liu, 2017) 

Optimal benefit of grid 
utility, charging station 
and EV user with real 
time pricing 

The paper proposes a new optimal EV 
route model considering time-of-use 
electricity price and develops a 
learnable partheno-genetic algorithm 
to solve the problem. The feasibility 
and effectiveness of the proposed 
model and algorithm are verified 
through numerical tests. 
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2.4 Impact of EV charging demand 
 In the early EV era, charging station plays important role to support daily usage 

of EVs which charging time and lifetime of battery are related to charger characteristic. 

So, the charger must be reliable and efficient with high power density and low 

investment cost. The charger must draw the current with low distortion to minimize 

power quality impact on utility grid. The EV charging impact limitation on unitality grid 

is determined by many standards such as IEEE1547, IEC1000-3-2 and the US National 

Electric Code (NEC) 690 standard that allow a DC current injection and harmonic into 

utility grid.  

2.4.1 The impact of EV charging station on distribution grid 
The charging impact of EV fleet has many factors such as charging level, 

number of EVs charging in same time and charging control method these factors can 
affect the system performance power loss. The charging control method comprises of 
two methods, which are uncontrolled charging and controlled charging (or smart 
charging). 

A fleet of EV have many advantages on environment benefit like less air 
pollution, increase transportation system efficiency and reduce the dependency of fossil 
fuel transportation but an electricity demand fluctuation of EV charging can lead to grid 
instability. So, the section presents an effect of EV integration on grid stability such as 
power quality issue and energy loss increasing. Then, the section proposed a potential 
method to improve grid stability, grid reliability and reduce cost of EV integration. 

 
Figure 2.19 Impact of EV fleet on distribution system 
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A definition of power system stability is a self-restoration of power system 
to maintain a steady-state operational condition after under operate with disturbance 
which can be led to blackout due to power system instability. An EV charging load 
chrematistic is non-linear load unlike generally load which can be stressed on the power 
system. An EV charging demand behavior evaluation is a complicated and unpredictable 
characteristic of EV charging time, duration and location which depends on EV’s owner 
behavior. The behavior may a cause of power system stability problem if a huge of EV 
charging simultaneously. Voltage stability is a distribution system ability to maintain a 
steady state voltage of all the system bus while the system was disturbance from an 
operation point (Kothari, 2011). A load increasing plays an important role for voltage 
stability occurring which the author presents a voltage stability impact of EV charging 
station on 13 bus system by simulate a various location of EV charging to find a weakest 
bus in test system (Juanuwattanakul & Masoum, 2011). The paper calculates a voltage 
stability index at each node of 33 bus radial distribution system to find out a weakest 
node which have more sensitive to voltage collapse (L. KUMAR, SHARMA, & GOEL). The 
authors present an optimal scheme of charging station placement based in voltage 
sensitivity index (Rahman, Barua, Zohora, Hasan, & Aziz, 2013). The impact of EV 
charging is analyzed in 43 IEEE bus system to evaluate a static voltage stability margin 
(Dharmakeerthi, Mithulananthan, & Saha, 2014). Voltage instability represents a 
challenging issue and can result in system disruptions (Cutsem, 2000). the EVs consume 
more power in a short time to fully charge the battery. Furthermore, single phase EVs 
chargers may increase phase unbalance at distribution network. Phase unbalance results 
in unwanted negative effects at distribution network operation and connected loads and 
should remain in the acceptable limits. The impact of uncontrolled charging on voltage 
deviation at different daily durations to obtained results showed a large increase in 
voltage deviation which was close to exceeding the acceptable limits especially if EVs 
were charging at peak period (Clement-Nyns et al., 2010). The impact of uncontrolled 
charging of EV for three distribution networks including urban, suburban and rural which 
25% of penetration level can be occurred high voltage drop in rural network with long 
feeder. 
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Frequency stability is a steady state frequency maintaining of power 
system after a serious disruption in the system that causes a large imbalance between 
the load and the generation (Kundur et al., 2004). when a power system can’t maintain 
or reach a new equilibrium point after an imbalance between generation and load, a 
system frequency is unstable and decrease. In the other hand, the system tries to 
maintain frequency to acceptable level which a large disturbance can be led to 
generator tripping or load outage (Lokay & Burtnyk, 1968). 

Several studies were conduct to peak load increasing due to charging 
behavior of EV’s user which can led to increase power loss and reduce a voltage profile 
at each bus in the system. EVs have the potential to significantly increase load demand, 
particularly during peak charging times. Peak load growth is influenced by EV 
population, charging habits, and infrastructure. Peak electricity consumption is 
predicted to rise when EVs are widely used. The effects of EV charging on the US 
electrical grid were examined in several studies. Adoption of EVs might result in a 30% 
rise in peak power demand at night (M. Kumar et al., 2023). The study of 100 % of EV 
penetration with uncoordinated charging can be introduced to higher peak load 
demand per day which the system must require a higher capacity of electricity 
generation to support average load along a day (Habib, Khan, Abbas, & Tang, 2018). 
The research study an impact of EV on Western Australis Perth electricity grid with 
100% of EV penetration and uncoordinated charging in the system. The result 
illustrated the peak load demand rising over a daily average power (Z. Wang & 
Paranjape, 2017). In a similar report, an effect of 30% of EV penetration with 
uncoordinated charging can increase peak demand up to 53% (Khalid, Alam, Sarwar, & 
Jamil Asghar, 2019). A 10% of EV penetration with uncontrolled charging in suburban 
area can significantly increase peak load demand. The impact can be reduced by using 
coordinate charging or smart charging strategy which the strategy with 30 % penetration 
of EV can increase 53% of peak demand (Jin, Tang, & Ghosh, 2013). Uncontrolled 
charging method usually increases the residential peak power demand and time of use 
pricing plan which the charging period are usually occurred at nighttime. An issue of 
uncontrolled charging can be lead to a problem of management, control and operation 
of power system which can be decreased system stability due to high peak demand 
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(Saldaña et al., 2019). EV charging station without control strategies can consume the 
power as high as 350 kW per charger. So, the EV charging station in some building such 
as office or department store  can increase monthly peak power demand up to 250 
%(Gilleran et al., 2021) 

In case of device aging, to support the EV charging load, a large power is 
required which a distribution system can be operated under overload condition in a long 
time. The level 1 charging or slow charging with uncontrolled charging has impact on 
lifetime of transformer. At level 2 and level 3 charging with uncontrolled charging has 
very harmful impact on transformer life and system device which a large current flow 
can overload a distribution transformer based on penetration level of EVs. At overload 
condition of distribution transformer can be occurred transformer power loss increasing, 
voltage sag, harmonic distortion and maximum demand increasing. So, the system 
requires a large size of cable and high-capacity transformer to serve a EV charging load. 
While charging load increase, a transformer temperature also increases that can be 
reduced a transformer operating life and feeder can operate under overload condition. 
So, voltage profile of distribution is poor. To reduce an EV load charging impact. The 
demand response strategy is used. The strategy can control charging scheme which can 
be reduced degradation of transformer life. The delay charging is used to integrate with 
valley filling to move a charging load from peak hour to off-peak hours which can be 
improve voltage profile of distribution system. Reference (Verzijlbergh et al., 2012) 
presented an impact of uncontrolled charging and controlled charging on medium 
voltage of distribution cable, transformer and substation. 

Extra power demand represented in EVs charging will lead to higher 

currents flowing and extra power losses in different system components, such as 

generators, transformers, and cables, which is the main concern for utilities. The EV 

charging impact on a Danish distribution network show that for uncontrolled charging 

with 50% penetration level the grid losses increased by 40% and increased only 10% 

for controlled charging (Pillai & Bak-Jensen, 2010). the impact of EVs charging on 

distribution transformer power losses was found that for penetration levels ranging 

from 2% to 40%, the transformer losses increased to more than 300% mainly due to 
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windings copper losses increase (Masoum, Moses, & Smedley, 2011). The distribution 

network supplies residential and commercial loads and located on a Korean island 

that have 40 % of EV penetration can be had daily energy losses increased by 66% 

(Chang, Bae, Yoon, Park, & Choy, 2019). 

 

2.5 Literature Review 
Author and 

publication year 

Object Detail 

(Clement-Nyns et 

al., 2010) 

To improve power 

quality (Peak power, 

power loss) 

This paper compares power loss and 

power quality (peak power, voltage 

drop and line current) of demonstrate 

system in three cases including 

without EV, uncontrolled charging and 

controlled charging at 30% EV 

penetration. 

(Byeon, Yoon, Oh, 

& Jang, 2013). 

to reduce total 

energy costs by 

considering EV 

owner benefit 

This paper proposes the energy 

management strategy based on the 

real-time acquisition data and 

determines the optimal behavior of 

the EV service model which results 

show that the EMS can be reduced the 

energy cost of EV owners and applied 

to DC distribution community 

(Morais, Sousa, 

Vale, & Faria, 2014). 

to minimize 

operation costs and 

reschedule 

distribution energy 

resources and EVs. 

This paper presents the impact of EVs 

in system operation cost and load 

demand of distribution networks with 

large penetration of DG and proposes 

an efficient management method for 

charging and discharging EVs. The 
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Author and 

publication year 

Object Detail 

results of the simulation show the 

impact of the load factor of EV. As an 

example, the operation cost can 

increase by 0.03 % when the load 

factor increases by 5 %. 

(Rabiee, Sadeghi, 

Aghaeic, & Heidari, 

2016) 

to reduce operation 

costs by using peak 

shaving and load 

curve modification 

method 

This paper presents the scheduling of 

electric vehicles which can be 

separated into two stages. The first 

stage is generation cost-minimizing by 

using PSO algorithm and the second 

stage is charging schedule design. The 

result of this paper shows the benefit 

of EV to reduce operation cost while 

considering the uncertainties of wind 

and PV. 

(Farahani, 2017) To minimize VUF 

 

This paper compares VUF of 

uncontrolled and controlled charging 

and discharging of EVs to study 

impact of EV to VUF which VUF of 

base case distribution system is 1.93 

%. For uncontrolled charging of EV 

can be increased significantly to 7.7 

% of VUF and controlled charging 

and discharging can be declined the 

VUF to 0.71 % 

(Lee, Oh, Sim, Kim, 

& Kim, 2017) 

To reduce peak 

demand with various 

This paper proposes an algorithm for 

shaving the peak load which is a one 

 



56 

Author and 

publication year 

Object Detail 

penetration level of 

EV 

of V2G function in distribution 

system. The simulation result, The 

V2G system with 10 % penetration 

level can improve well with 

proposed algorithm 

(Bian et al., 2019) Maximize return of 

investment 

This paper propose a Mixed Integer 

Linear Programming model based on 

Geographic Information System to 

use as important inputs, and six 

important constraints are in cities 

(Yu, Nduka, & Pal, 

2020) 

Minimize power loss 

with peak shaving 

with EV battery 

In this article, A two-stage optimization 

framework-based EV 

charging/discharging approach that 

minimizes DCMG network losses and 

EV battery degradation has been 

described. The simulation result can 

be discussed as follow: 24-hours case, 

the system losses can reduce 4.4 % 

and reduce DG capacity. 17.8%. In the 

case of residential, the system loss can 

reduce up to 13.9 %, and 27.0% of DG 

capacity was saved. 

(Liu, Xie, & Huang, 

2020) 

To evaluate profit, 

voltage quality, load 

fluctuation 

This paper presents a multi objective 

optimization of DG and electric 

charging station placement to 

integrated with V2G Technology based 

on PSO algorithm. The result of this 
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Author and 

publication year 

Object Detail 

paper shows an investment cost, 

voltage quality, load fluctuation and 

charging satisfaction of EV of 3 

scenarios 

Author and 

publication year 

Object Detail 

(Arnaudo, Topel, & 

Laumert, 2020) 

To reduce peak 

demand caused by 

heat pump with peak 

shaving from EV 

battery discharging 

Hammarby Sjostad district faces a 

peak demand from heat pump which 

can be overloaded the local grid. The 

simulation shows an EV discharging 

can reduce the overload amplitude of 

heat pump during peak hour which 

depend on EV penetration and SOC 

(Attou, Zidi, 

Hadjeri, & Khatir, 

2021) 

To reduce critical 

customer demand 

and fill off peak 

period by peak 

shaving and load 

leveling energy 

management 

This study presents a peak shaving, 

load balancing and load leveling 

based with tree-based decision 

algorithm in a microgrid. the 

simulation result shows the 

performance of the V2G technology in 

peak management applications during 

high demand periods and valley filling 

during off-peak hours to a smoothing 

of the load curve  
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Author and 

publication year 

Object Detail 

(S et al., 2022) To schedule EV 

charging based on 

solar PV power 

The proposed algorithm can be 

reduced overall charging cost form 10-

20 % with only schedule EV while 

integrating a PV system and charging 

method can save cost 50-100% based 

on location, system size and charging 

point 
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CHAPTER III 
METHODOLOGY 

 

3.1 Introduction 
This section presents a calculation method of bipolar DC power flow, load 

balancing method and EV load demand evaluation to evaluate effect on unbalance 
load and EV charging demand on bipolar DC distribution grid via voltage profile, system 
power loss and VUF which the overall calculation program of bipolar DC distribution 
grid integrated with EV charging load demand is expressed in FIGURE 3.1. 

The program comprises of two main components as follow: 1) EV load demand 
evaluation and 2) particle swarm optimization using the load-balancing approach with 
bipolar DC power flow calculation.  

EV load demand evaluation uses a mean and standard deviation of survey EV’s 
owner to evaluation probabilistic of plug-in time, daily travel distance and charging 
time to evaluate EV charging load profile at each bus. after that, the EV charging load 
and load profile at each bus was calculate voltage profile, power loss and VUF by 
using DC power flow calculation which connection type of load was solve by particle 
swarm optimization to find a optimal connection type of load. So, the detail of 
calculation method as proposed in next subsection.
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Figure 3.1 Overall calculation program 
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3.2 Bipolar DC Power flow Calculation with Gauss’s iteration method 
The Gauss iteration approach is employed in this subsection to solve the 

bipolar DC distribution system's bipolar DC power flow problem. An iterative approach 

for solving systems of linear equations is the Gauss Iteration method, often referred to 

as the Jacobi method. Equation 3.1 expresses the system of equations using this way.  

Ax b=      3.1 

where 'A' is the coefficient matrix, 'x' is the vector of unknowns, and 'b' is the 

constant vector. The method involves rearranging the equation to isolate each 

unknown on the diagonal of the coefficient matrix and then iteratively updating the 

values of the unknowns until convergence 

let’s consider a ‘n’ linear equation system, Equation 3.1 can be represented as 

Equation 3.2 in matrix form and Equation 3.3 in general equation form. 

 

     
1 1n n n n

A x b
  

=      3.2 

11 1 12 2 1 1

21 1 22 2 2 2
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n n

n n

n n nn n n
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

+ + + = 
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+ + + = 

    3.3 

  Which the iteration formula for the Gauss’s iteration method is expressed in 

Equation 3.4 

( ) ( )1

k

i ij jk

i

ii

b A x
x

A

+
− 

=


    3.4 

Where i and j subscriptions are row and column of matrix A and B. in case of k 

is iteration index of iteration method. 

 So, ( )1k

ix
+  represents the updated value of the i of unknown vector at the (k+1) 

iteration.  
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k

jx      represents the value of the j unknown vector at the k iteration. 

ijA      represents the elemental matrix of matrix A 

iiA      represents the diagonal element of matrix A for the i row. 

To terminate a simulation iteration, The unknown vector of k iteration and k+1 

iteration have to convergence or have a tolerance of unknown vector less than 

determined tolerance which can be expressed in Equation 3.5  

1k k

i ix x += −      3.5 

The procedure can be expressed into 3 steps as follow: 

Firstly, determine an initial value of all unknow value ( )0

ix to calculate first 

iteration of n equation system. second, each ( )k

ix  (i=1 to n) is used to calculate and 

updated value using Equation 3.4 third, repeat step 2 until tolerance of each ( )k

ix less 

than specified tolerance or reach maximum number of iterations. lastly, the final value 

of unknows vector  x are the solution of the system. which the procedure of Gauss’s 

iteration is expressed in FIGURE 3.2 

To solve the DC power flow problem by using Gausses iteration. A bipolar DC 

distribution system have to change in form of linear equation that refers as Equation 

3.2 The component of bipolar DC distribution system such as substation, transmission 

network and load as shown in FIGURE 3.2 have to change in form of voltage at each 

bus, network conductance and load demand current, respectively. in bipolar DC 

distribution system, A load in the system can be connected between positive pole and 

neutral pole (unipolar connection) and connected between positive pole and negative 

pole (bipolar connection) which present in FIGURE 3.4 – 3.5 
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Figure 3.2 Gauss’s iteration procedure 

 

 
Figure 3.3 DC power system component 
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Figure 3.4 Unipolar load connection 
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Figure 3.5 Bipolar load connection 

FIGURE 3.3 illustrates the bipolar DC power system's elements, including the 
transmission line, the DC substation, and the loads (positive load, negative load, and 
bipolar load). For the study of the DC load flow, the G-Matrix Method (GMM) is used 
in this paper. The network component consists of two different types of buses, known 
as source and load buses, to create a power flow model. The slack bus, or index '1', 
takes the role of a source bus, while the load bus starts at index '2' and finishes at 
index 'n'. Gij contributes the conductance of each transmission line between buses, 
where the beginning and ending buses of conductance in [G] are designated by index 
'i' to index 'j'. There are three wires in a bipolar DC network. As a result, [G] must contain 
G+/0/-, This displays the positive, neutral, and negative cable conductance from bus i 
to bus j. The load current of each pole is denoted by Ip/n/b, and there are three voltages 
present at bus i: positive, neutral, and negative. Unipolar loads, such as Ip and In, draw 
current from either the positive or negative poles and return to the substation via the 
neutral pole. Ib is a bipolar load that uses the positive pole to draw power and uses 
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the negative pole to return to the substation. As a result, nodal analysis is used to 
construct the single line diagram, which depicts the link between unipolar and bipolar 
load current. FIGURES 3.4 and 3.5 depict the direction of loading currents. 

Equations 3.6 to 3.7 may be used to calculate a load voltage drop by 
accounting for the voltage differential at the connecting pole. 

p, ,i 0,iiV V V+= −     3.6 

, 0,i ,ine iV V V−= −     3.7 
 When referring to a positive pole or negative pole with a neutral pole, the 
values Vp,i and Vn,i indicate a positive and negative voltage drop at bus i. The voltage 
at each of bus I's poles is V+,i, V-,i, and V0,i, respectively. Consequently, when the positive 
and negative poles are indicated, the voltage drop of a unipolar load at bus i is 
represented by V+,i and V-,i, respectively. 

To calculate load current demand at each pole, the voltage drop at each pole 
from Equation 3.6 and Equation 3.7 is used to calculate the current by Equation 3.8 
and Equation 3.9, respectively. 

,i

,i

,

p

p

p i

P
I

V
=      3.8 

,i

,i

,

ne

ne

ne i

P
I

V
=      3.9 

 When Ip,i and Ine,i are load current of positive and negative pole at each bus 
and Pp,i and Pne,i are positive and negative load in an unipolar type. 

According to FIGURE 3.4, in a bipolar load connection, the load is connected 
to both the positive and negative poles. As a result, the load's nominal voltage is 2VDC. 
Equation 3.10 allows the bipolar load voltage drop to be determined. 

, ,i ,ib iV V V+ −= −     3.10 
When Vb,i, V+,i and V-,i are voltage drop of bipolar load, positive and negative 

voltage at each pole, respectively. so, the bipolar load current can compute by using 
Equation 3.11 

,i

b,i

,

b

b i

P
I

V
=      3.11 
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Where Ib,I, Pb,I and Vb,I are bipolar load current, bipolar power demand and 
bipolar voltage drop at bus i, respectively. the substation is assumed as a slack bus 
which have nominal voltage 1 p.u., 0 p.u. and -1 p.u. at positive bus, neutral bus and 
negative bus respectively. the transmission resistance are replaced by transmission 
conductance between bus. so, the power flow equation of DC distribution system can 
be expressed as Equation 3.12. from Equation 3.12 can be modeled in form of bipolar 
DC distribution system as shown in Equation 3.13 

    I G V=      3.12 
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 3.22 

When [G],[I] and [V] represent conductance matrix, current matrix and voltage 
matrix of bipolar DC distribution system, respectively. which Equation 12 can be 
modeled as a bipolar DC distribution system as shown in Equation 3.13 to calculate 
voltage profile and current flow at each bus by using Gauss’s iteration method which 
the power flow calculation procedure is presented in FIGURE 3.6. 

 

 
Figure 3.6 power flow calculation procedure 

3.3 Particle Swarm Optimization based Load balancing method 
An unbalance problem is differential of load demand at positive and negative 

bus which those load current returns to substation via neutral cable at each bus. 
normally, neutral current at balance situation must be equal zero due to positive 
current and negative current are equal and deduct at neutral bus as shown in FIGURE 
3.7 (a) 
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(a) 

 
(b) 

Figure 3.7 neutral current characteristic 

In case of unbalance load, a positive and negative load current are not equal. 
when those current flow to neutral bus, the current magnitude cannot deduct to zero 
as shown in FIGURE 3.7 (b). So that can be led to current flow in neutral conductor 
and increase power loss at neutral bus, respectively. so, to reduce the unbalance 
problem the load balancing method is proposed which unbalance problem can be 
estimated by using voltage unbalance factor (VUF) as shown in Equation 3.23 

, ,

, ,

% 100%
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p i ne i

p i ne i

V V
VUF

V V

 
 −
 = 
 +
 
 

   3.23 

The concept of load balancing method is to adjust a connection type of load 
at each pole to reduce load demand difference between positive and negative pole 
by using static switch to reduce neutral current flow in the system. to evaluate an 
efficient of load balancing method on the system, the voltage unbalance factor and 
neutral power loss are used as a criteria index.  An unbalanced loads in bipolar DC 
distribution system is not equal of positive and negative pole’s load capacity which 
leads to increase voltage drop in the transmission line by line resistance. The 
unbalance problem can be increased neutral power loss on neutral wire due to neutral 
current flow when positive and negative load demand at each bus is not equal 
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(Sakulphaisan & Chayakulkheeree, 2022). Thus, as seen in FIGURE 4, the primary issue 
with bipolar DCDG is the load imbalance condition, which results from the load's ability 
to be attached to either the positive or negative pole. Generally speaking, unexpected 
homes' and EV charging loads are the root cause of load imbalance issues.(Sharma, 
Cañizares, & Bhattacharya, 2014). This issue causes the neutral wire's current flow to 
rise, which raises the system's total power loss. A voltage balancer, which regulates 
the DC/DC converter's voltage at the point of common coupling (PCC) to offset voltage 
loss at each bus, is one method of reducing voltage imbalance in LVDC. One alternate 
way to lessen load imbalance is to use an energy price to manage the load demand 
characteristic of a DC bipolar distribution grid and lessen the power differential 
between the poles. This is known as demand response or load balancing using 
electrical pricing.(Chiş, Rajasekharan, Lundén, & Koivunen, 2016) which the problem 
formulation of the method can be  modeled as shown in Equation 3.24 to Equation 
3.27 as follow 

  1,1 2,1 1,2 2,2 3,1 3,2 ,[ , ,P ,P ,P ,P , ,P ]n iP P P=    3.24 

,

,

1 ;

2 ;

p i i

i

ne i i

P P
x

P P

=
= 

=
     3.25 

. ; 1p i i iP P x= =      3.26 

. ; 2ne i i iP P x= =     3.27 

 In Equation 3.25, xi presents a load connection type of [P] in Equation 3.24 at 
each bus which n subscription and I subscription of [P] present a number of load and 
bus location of load. In case of xi =1 means, load at this bus have to connected to 
positive pole. In case of xi =2, load have to connected to negative pole as shown in 
Equation 3.26 to 3.27. after that, load demand that connected to each pole have to 
calculate load current by using Equation 3.6 to 3.11. lastly, calculate voltage profile 
by using Equation 3.13. 
 To search optimize load connection type for minimum power loss, the PSO 
was used. A particle of PSO is assumed as a load connection type at each bus (xi).in 
every iteration of PSO, a group of particles is used to determine a connection type at 
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each load in the system. after that, the power flow calculation was solved by Gauss’s 
iteration method which the result of power flow comprises of voltage profile, power 
loss and VUF. In this study uses daily energy loss as an objective function as shown in 
Equation 3.28 and constrain that expressed in Equation 3.29 to Equation 3.31. then, 
the best result of objective function at each iteration of PSO is determined as Pbest 
and the best result of every iteration is determined as Gbest. Finally, the velocity and 
position of PSO was updated and calculate until last iteration. the PSO based load 
balancing method is expressed in FIGURE 3.8 
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Subject to constrain 

pmin,i p, pmax,iiV V V      3.32 

0min,i 0, 0max,iiV V V      3.33 

min,i , max,ine ne i neV V V      3.34 

max% %VUF VUF      3.35 

Where subscript p, 0 and n represent positive pole, negative pole, and neutral 
pole. To present an effect of total energy loss, the total energy loss has to compare 
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in form of percentage of total usage energy of simulation system which the usage 
energy can be calculated by using Equation 3.36 

48
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T i p i ne i bi

t i

E P t P t P t
= =

 = + +     3.36 

 Where Pi,p Pi,ne and Pi,bi are positive negative and bipolar load demand.  

 

 
Figure 3.8 PSO based load balancing method 

Probabilistic EV Load Demand Evaluation based on Monte Carlo 
Simulation 
 The Monte-Carlo simulation-based multivariate probabilistic EV charging load is 
based on survey research on EV charging behavior. the Monte-Carlo simulation, as seen 
in Figure 3.9, to assess charging demand 
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 The figure 3.8 shows a procedure to evaluate an EV charging demand which 
comprises of two parts as follow: Monte-Carlo simulation and charging demand 
calculation. The Monte-Carlo simulation used a survey data to evaluate daily mileage, 
charging mode, plug-in time, determine initial SOC and charging duration.  
 The EV charging behavior evaluation is a random variable including driving 
pattern and daily distance. A multivariate probabilistic model is used to evaluate 
charging demand based on survey and statistic data. Daily travel distance, plug-in 
duration, and the probability that an EV will recharge are uncertainty variables taken 
into account while predicting the need for 24-hour EV charging. An uncertainly of each 
EV are defined as a probability distribution function (PDF) which the PDF of daily 
distance can be defined into two type including log normal distribution type and 
normal distribution type, as respectively expressed by Equation 3.37 – 3.38 

 
Figure 3.9 EV charging demand based on Monte Carlo 
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3.38 

Where   x represent daily distance of ith EV ,  

  j represent EV type 

  𝜇d represent mean value  

  𝜎d represent standard deviation value 

 The state of charge (SOC) of EV battery remain from daily travel distance can 
be determined using Eq 3.39  
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3.39 

Where  di,j represent daily mileage distance of EV before charge  

D is Full mileage range 

𝜂1 is efficiency of battery 

 Plug-in time is a duration of ith EV which connects to power grid and make a 
request to charge. The uncertainly of plug-in time of each EV are random variables in 
form of normal probability distribution function which expressed by Eq 3.40 
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3.40 

Where  tpi,j is plug-in time of ith EV 

  𝜇t represent mean value  

  𝜎t represent standard deviation value 

The charging time of EV can be expressed by Eq 3.41 – 3.42  
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3.41 

 , , ,i j i j i jtd tp tc= +  3.42 

Where  Capi,j is battery capacity 

  Pci,j   is charging power rate 

  𝜂2   is efficiency of charger 

  tdi,j  is complete charging time 

 The all-EV charging demand is calculated by aggregator that observe all EV 
charging demand at each 24-h period as shown in Eq 3.43 – 3.44 
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 To add base load to summation of EV charging demand. The total system load 
profile at time step can be expressed Eq 3.45 based on connection type at each bus 
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3.45 

Where Pp,i(t), Pne,i(t) and xi are load demand at positive pole, negative pole at time 
interval and load connection type, respectively. 

 

3.4 Conclusion 
This chapter presents a methodology of bipolar DC distribution system 

integrated with EV probabilistic simulation to solve an unbalance problem and daily 
energy load by using load balancing method with PSO. The methodology chapter 
proposed a bipolar DC power flow calculation which the calculation is solved by using 
gauss’s iteration method to calculate voltage profile, power loss and daily energy loss. 
A particle swarm optimization based on load balancing method is used to search 
optimal connection type of load at each bus with minimum daily energy loss as an 
objective function and probabilistic EV load demand evaluation based on Monte Carlo 
Simulation to evaluate EV load charging demand of EV based on mean and standard 
deviation of EV’s owner behavior.  
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CHAPTER IV 
SIMULATION RESULT 

 
4.1 Introduction 
 This section presents an introductory analysis of a premilitary simulation 
pertaining to a bipolar DC distribution grid. The simulation encompasses various 
components, including the calculation of DC power flow, the implementation of a load 
balancing technique, and an evaluation of the load demand associated with electric 
vehicle charging. The purpose of conducting these simulations is to validate the system 
and establish it as a fundamental reference case. A visual representation of the 
proposed simulation cases can be observed in FIGURE 4.1. 

 

Figure 4.1 simulation case 
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Based on simulations, four different situations may be identified: Base case, 
Load balancing case, Probabilistic EV charging load case, and Probabilistic EV charging 
load with load balancing case. The simulation study comprises two primary categories: 
1) a single step simulation and 2) a 48-hour simulation encompassing 192 time slots. 
In order to validate the computational outcomes, a single step simulation was 
employed to illustrate the impact of load on voltage profile and voltage unbalance 
factor (VUF), as well as to evaluate system power loss. Additionally, the effectiveness 
of the load balancing method was evaluated through a 48-hour simulation using Monte 
Carlo simulation (MCS), under both EV charging load and non-EV charging load 
conditions. 

 

4.2 Validation Simulation 
 In this subsection, a simulation is conducted to verify the accuracy and 
reliability of the MATLAB source code employed in the referenced article, where the 
article utilizes the PSCAD program as a simulator. The simulation encompasses two 
distinct systems: a 4-bus bipolar DC distribution grid and a 21-bus bipolar DC 
distribution grid. The validation process involves the application of the GMM method, 
as described in Equations 3.3 to 3.17, with Gauss's iteration utilized to solve the bipolar 
DC power flow problem. The calculation flowchart for this process can be observed in 
FIGURE 3.5, as presented in Chapter 3. 
 The 4-bus bipolar DC distribution grid, as discussed in Chew (2019), employs 
the PSCAD program to effectively determine the voltage solution within the network. 
The simulation system consists of a balanced 4-bus bipolar DC distribution system with 
both unipolar and bipolar loads, where the existing infrastructure is an AC voltage 
system. The system is interconnected with a three-phase AC grid through an AC to DC 
converter, with the converter's DC voltage output set at ±18.7 kV. Consequently, the 
DC voltage output of the converter is regarded as the slack bus. The simulation results, 
presented in TABLE 4.1 and Figure 4.3, are utilized to validate the accuracy of the 
source code and a numerical simulation result is presented in Appendix A.1 which a 
simulation system is illustrated in Figure 4.2 with a detail of system data. 
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Figure 4.2 4-bus bipolar DC distribution grid 

 
Figure 4.3 4-bus bipolar DC distribution grid validation result 

 

Table 4.1 4-bus simulation result 
The average simulation error (%) 0.31 
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A simulation result validation of source code with an average error of 0.31% is 
shown in TABLE 4.1. Line resistance and iteration technique, which are not precisely 
determined in the reference study article, may be the cause of mistake.   

In case of 21 bipolar DC distribution system that presented in Figure 4.4, the 
system comprises of several type of load at each bus which the detail of load 
connection and system data was presented in Figure 4.5 and addition data was 
presented in Appendix A in TABLE A.2 to TABLE A.3. The simulation result was 
presented in TABLE 4.2 and addition simulation result is illustrated in TABLE A.4 in 
Appendix A.2 (Chew, Xu, & Wu, 2019) 

 

Figure 4.4 21-bus bipolar DC distribution grid 

 In TABLE 4.2 unbalance factor, are discussed. The positive VUF is caused by 
each bus's negative pole having a larger load than the positive pole. On the other side, 
the positive pole load is greater than the negative pole load, which causes the negative 
VUF. The largest VUF of -2.7% was observed in Bus 17, and the total power loss was 
95.42 kW with a mismatch error of less than 0.01%. Figure 4.6, on the other hand, 
shows the voltage profile at each bus in comparison to a simulation of a 21-bus bipolar 
DC distribution grid created using the PSCAD software. 
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Table 4.2 Validation result of 21-bus bipolar DC distribution grid 

Validation error (%) <0.01% 
Total power loss (kW) 95.42 

Maximum VUF (%) -2.7 
 (At bus 17) 

 
Figure 4.5 21-bus bipolar DC distribution grid validation result 
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Figure 4.6 21-bus bipolar DC distribution grid simulation result 

 
Figure 4.7 48 hrs. load profile 
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Figure 4.8 Load connection type of base case 

4.3 Case I: Base Case Simulation 
 The base case power flow results are shown in this subsection. The GMM 
technique is used to compute power flow every 15 minutes (192 timestep) using a 21-
bus bipolar DC distribution system as a simulation system. So, the 48-hours load profile 
and load connection detail as shown in Figure 4.7 and FIGURE 4.8. 

A load connection type for load A and load B to the positive and negative pole 
is shown in FIGURE 4.8 and is referred to in TABLE A.5 in Appendix A. A positive voltage 
profile, negative voltage profile, and VUF are shown in FIGURES 4.9 to 4.11, depending 
on the load profile in Figure 4.7 and the load connection from FIGURE 4.8. At timeslot 
61 or 15.30 p.m., the maximum VUF is found at bus 18 with 3.34% of VUF, while the 
lowest magnitude positive and negative voltage is found at bus 17 which have 0.983 
p.u. and -0.950 p.u. The load demand at bus 17 consists of 6.34 kW at the negative 
pole and 9.26 kW with a bipolar connection, which accounts for the positive magnitude 
being larger than the negative magnitude. so, the voltage drops of positive pole is 
influenced by bipolar load and transmission resistance. In the other hand, the voltage 
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drops of negative pole occurred by negative load, bipolar load and transmission 
resistance. The major power loss occurs around 15.30 (slot 61) in the evening. The 
system's overall energy loss was 958.100 kWh at 15.30 p.m. because bus 18's load 
demand was only connected to the negative pole, resulting in an unbalanced voltage 
at the bus. So, the system's overall energy loss was 3.53 % of total energy consumption 
of the system. 

 

Figure 4.9 Positive voltage profile of case I 
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Figure 4.10 Negative voltage profile of case I 
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Figure 4.11 48 hours VUF of case I 
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4.4 Case II Load Balancing Case Simulation 
 This subsection presents the load balancing method as a simulation result 
aimed at minimizing system power loss using Particle Swarm Optimization (PSO). The 
proposed approach involves selecting the appropriate connection types for each load 
during the planning phase, with the goal of reducing both system power loss and 
Voltage Unbalance Factor (VUF). FIGURES 4.12 to 4.16 illustrate the simulation results, 
which include PSO convergence characteristics, load types, power loss, and voltage 
profile. It should be noted that the study's maximum VUF limit limitation is 3%. 

FIGURE 4.12 illustrates the convergence of the optimization approach, with 
iteration 8 yielding the best fitness function value of 471,200. FIGURE 4.13 showcases 
the outcome of selecting the optimal load connection types. Meanwhile, FIGURES 4.14 
to 4.16 present the voltage profile and VUF. A comparison between the load 
connection types of the balancing case and the base case is shown in FIGURE 4.13. By 
switching load connection types to minimize the disparity between positive and 
negative load demands, the load balancing method aims to reduce overall system 
power loss. Consequently, the power loss at each bus in the system is diminished. 

The voltage profile at the positive and negative poles is shown in FIGURES 4.14 
to 4.15. The simulation findings indicate that the voltage drop between each bus's 
positive and negative poles may be reduced with the right load connection plan. 
FIGURE 4.16 presents a VUF of the system which VUF decreased by 0.124% as a result 
of the minimum voltage magnitudes at bus 17 increasing to 0.967 p.u. for the positive 
pole and -0.966 p.u. for the negative pole. The positive and negative pole voltages 
climbed to 0.967 p.u. and -0.968 p.u at bus 18, which showed the lowest negative pole 
voltage. Bus 18 showed a variable VUF of 0.372 % and a neutral voltage of -0.356 x 
10-6 p.u. depending on the difference in voltage between the positive and negative 
buses. In this particular case, the VUF improvement contributed to a reduction in the 
system's neutral current flow, ultimately leading to a 50.821% decrease in system 
energy loss (from 958.100 kWh to 471.175 kWh). The energy loss is 1.73 % of total 
energy demand 
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Figure 4.12 PSO convergence characteristic 

 

Figure 4.13 Load connection type comparisons of case I and case II 
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Figure 4.14 positive voltage profile of case II 
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Figure 4.15 Negative voltage profile of case II 
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Figure 4.16  Voltage unbalance factor (VUF) of case II 

4.5 Probabilistic EV Load Demand Simulation 
 This section presents an MCS method for evaluating the demand for EV 
charging, starting with a probability calculation for daily trip distance and a random 
sample of EV owner behavior. After that, charging time and load demand are 
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determined using sample data, an MCS simulation requirement that is present at  table 
4.3 
 
Table 4.3 Monte Carlo Simulation data 

Data type value 

Amount of EV 50 

Charger installation boundary Every bus 

Initial State of Charge (SOC) of all EV 100 % 

Charger plug-in time period Depend on sampling of PDF based on 
plug-in mean and standard deviation 

Charger removal time period 08:00 AM 

Plug-in time standard deviation  18 

Plug-in time mean 3.3 

Daily travel distance standard deviation 94.42 

Daily travel distance mean 40 

Maximum EV milage  400 

Charging power 1.9 

Charging efficiency 90% 

Battery capacity 44.5 kWh 

In order to assess the demand for EV charging, a Monte Carlo simulation was 
performed using the plug-in time simulation from Equation 3.40 and the charging time 
probability density function of the home-charging pattern as shown in FIGURE 4.17 and 
FIGURE 4.18. 
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Figure 4.17 Plug-in time of home charger 

A home charger's behavior while charging an EV is described in FIGURE 4.17. 
The simulation results are then utilized to generate random plug-in times for EV owner 
behavior. FIGURE 4.18 and TABLE 4.4 show some of the results of the sample data. 

 

Figure 4.18 EV charging behavior of home charger 
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Table 4.4 Amount of EV at each bus based on charging time interval 
Interval of time Quantity of EV Interval of time Quantity of EV 

07:30 AM-10:00AM 1 17:30 PM-20:00 PM 17 

12:30 PM-15:00 PM 5 20:00 PM-22:30 PM 8 

15:00 PM-17:30 PM 17 22:30 PM-00:00 AM 2 

 

TABLE 4.4 displays the total quantity of EV at interval times, and FIGURE 4.18 
displays a sample of data from EV charging based on charging probability at interval 
intervals. The likelihood of daily distance travel or the owner of an EV's daily distance 
travel behavior may then be calculated using Equation 3.37 or Equation 3.38. FIGURE 
4.19 shows the resultant figure. 

 

Figure 4.19 Probabilistic of daily distance travel 
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Figure 4.20 sampling of EV based on daily travel distance probability 

Figure 4.19displays the probabilities of daily distance traveled by EV owners, 
which ranges from 0 km to 283 km. The probability is utilized to generate a random 
sample of the daily travel distance for each EV. The sampling's results, as shown in 
FIGURE 4.20 and TABLE 4.5 

Table 4.5 Quantity of EV based on daily travel mileage 
Daily travel 

mileage (km) 
Amount of EV Daily travel 

mileage (km) 
Amount of EV 

0-30 2 121-150 5 

31-60 9 151-180 4 

61-90 14 181-210 0 

91-120 15 211-240 1 
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The results in TABLE 4.5 provide a sample of the daily distance traveled by 
each electric vehicle (EV), from which the simulation results are used to calculate the 
amount of remaining SOC before charging at home and estimate the demand for EVs 
at each bus. Using the data in TABLE 4.3, it is possible to generate a random number 
of EVs at each bus, with the outcome displayed in TABLE 4.6. As previously noted, 
FIGURE 4.21 illustrates the SOC and EV charging load need as a consequence. 

The remaining EV SOC sample data based on PDF related to daily trip distance 
is shown in FIGURE 4.21. As indicated, the simulation results are utilized to predict the 
time each EV will take to charge. 

An EV load demand simulation presents a charging demand at each bus based 
on quantity of EV at each bus which is shown in FIUGRE 4.22. a time interval of load 
demand is separated in to 192 timeslot or 48 hours (15 minute per timeslot) to 
simulate an EV owner behavior. The behavior likes to charge their EV in evening after 
finishing daily routine and end in a next day morning before daily routine. 

 

 

Figure 4.21 Remain SOC of each EV and daily distance travel 
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Table 4.6 Amount of EV at each bus 

Bus Amount of EV Bus Amount of EV Bus Amount of EV 
1 2 8 4 15 4 
2 4 9 1 16 1 
3 2 10 1 17 1 
4 3 11 2 18 5 
5 1 12 2 19 2 
6 3 13 3 20 3 
7 2 14 2 21 2 

 

 

Figure 4.22 EV charging demand of home charging pattern  
4.6 Case III: Load Balancing Case with Unbalancing Probabilistic EV 
Load Demand  
 A bipolar DC distribution grid that accounts for the demand for uncoordinated 
electric vehicle (EV) charging is introduced in this chapter with the goal of estimating 
the overall system's voltage profile, energy loss, and Voltage Unbalance Factor (VUF). 
The EV charging demand is derived from the simulation results obtained in the previous 
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section. To simulate the impact of charging demand on the bipolar DC distribution grid, 
a random load connection type for EV charging demand is employed. The simulation 
results showcase the voltage profile, total energy loss, and VUF of the entire system. 

A load connection type for the load balancing scenario with an EV charging 
demand is shown in FIGURE 4.23 and voltage profile of the system is presented in 
FIGURE 4.24 to FIGURE 4.26. The load connection type for EV charging demand is 
determined by utilizing Particle Swarm Optimization (PSO) with voltage constraints, as 
specified in Equations 3.32 to 3.35, to simulate the effects of load demand on the grid. 

 

Figure 4.23 Load connection type of case III 
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Figure 4.24 Positive voltage profile of bipolar DC distribution grid 
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Figure 4.25 Negative voltage profile on bipolar DC distribution grid 
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Figure 4.26 Voltage Unbalance Factor on bipolar DC distribution grid 

To investigate the impact of electric vehicles (EVs) on the bipolar DC 
distribution grid, The voltage profile at each bus's positive and negative poles is shown 
by the simulation results. At various time intervals, Bus 17 displays the lowest positive 
and negative voltage. In particular, the lowest positive voltage recorded is 0.952 p.u. 
at 09:15 a.m. (time slot 133). attributed to the presence of EV load charging and the 
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existing load. At this moment, only one EV is connected to bus 17, with a charger 
power rating of 4.5 kW, and the charging window extending from 8:00 p.m. to 10:45 
a.m. the following day. However, it should be noted that the positive pole is solely 
connected to the load demand, indicating that the voltage drop observed at this 
instance is not caused by the EV load demand itself. On the other hand, the lowest 
negative voltage at bus 17 occurs at 08:45 a.m. (time slot 131), where a 16 kW EV 
charger and bipolar load are present. The negative voltage at this bus decreased from 
-0.975 p.u. to -0.952 p.u. due to the influence of the EV charger. As a result of higher 
current flow at each bus and the resulting imbalance state, the EV load demand can 
have an impact on the overall power loss of the system. Thus, TABLE 4.7 provides a 
comparison between the results of the load balancing scenario with integrated EV load 
demand and the non-balancing case. 

 
Table 4.7 simulation result comparison 

Scenario Highest VUF Total energy loss (kWh) 

Load balancing case 
without EV load demand 

1.347(Bus 12) 471.125 

Load balancing case with 
EV load demand 

1.326(Bus 17) 1,132.833 

 
So, the TABLE 4.8 can be concluded a significant of EV load demand impact 

which can be increased total energy loss of the system up to 140.462 % and a proportion 
of energy loss rises to 4.17 % of total energy demand or increases 2.44 % of                           
without EV load demand. 

 

4.7 Case IV: Load Balancing Case with Balancing Probabilistic EV Load 
Demand 

In this subsection, the load balancing scenario introduced in the previous 
section is employed as a simulation system to address the impact of probabilistic 
electric vehicle (EV) load demand on the distribution grid. The best connection type 
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for the EV load requirement is found using the Particle Swarm Optimization (PSO) 
method, which minimizes the impact on the grid and lowers system power loss. A 
optimal solution of load balancing method for the case is presented in FIGURE 4.27 
and voltage profiles are presented in FIGURE 4.28 to FIGURE 4.30 

 

Figure 4.27 Load connection type of bipolar DC distribution grid 
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Figure 4.28 Positive voltage profile of case IV 

 

Figure 4.28 Positive voltage profile of case IV (cont.) 
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Figure 4.29 Negative voltage profile of case IV 

 

Figure 4.29 Negative voltage profile of case IV (cont.) 

 



116 

 
Figure 4.30 Voltage unbalance factor of case IV 

 

Figure 4.30 Voltage unbalance factor of case IV (cont.) 
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Bus 17 has the lowest voltage for both poles, based on the simulation results. 
With a positive voltage magnitude of 0.948 p.u., bus 17 in time slot 97 has the lowest 
voltage magnitude, and bus 17 in time slot 133 has the lowest negative voltage 
magnitude of 0.957 p.u. Therefore, the proposed approach may reduce the VUF and 
total power loss of the entire system by lowering the difference in load demand across 
poles. A comparison of the simulation results for examples III and IV is shown in            
TABLE 4.9. The optimal connection type for the example study might reduce the 
system's daily loss to 655.060 kWh, or around 17.61%. which compares with total 
energy demand of the system, the total energy loss is 2.41 %. 

Table 4.8 The Highest VUF and Total Daily Loss Comparison of Cases III and IV 
Scenario Highest VUF (%) Total energy loss (kWh) 

Case III 1.326(Bus 17) 1,132.833 

Case IV 1.523(Bus 17) 655.060 

 
4.8 Conclusion  

This section showcases the results of a comprehensive simulation of a bipolar 
DC distribution grid, encompassing two distinct types of simulations: validation 
simulation and study case simulation. The validation simulation entails a comparison 
of the voltage profile obtained from a reference article utilizing PSCAD with the 
MATLAB source code that employs the Gauss's Method of Moments (GMM) for power 
flow calculations. On the other hand, the study case simulation consists of four case 
studies with 48-hour simulations, focusing on the integration of electric vehicle (EV) 
charging demand. The EV charging demand is modeled using Monte Carlo Simulation 
techniques. To minimize the total daily loss of the distribution grid, a load balancing 
method is employed, where the determination of the optimal load connection type 
is achieved through the use of Particle Swarm Optimization (PSO). The reduction in 
Voltage Unbalance Factor (VUF) is an additional outcome resulting from the pursuit of 
minimizing the total daily loss. The simulation results demonstrate that, when 
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considering the probabilistic nature of EV charging demand, the proposed load 
balancing strategy can significantly reduce the total daily loss and enhance the VUF of 
the bipolar DC distribution grid. 
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CHAPTER V 
CONCLUSION 

 
The presentation of this thesis comprises of 5 chapter which comprises of 

introduction, literature review, methodology, simulation result and conclusion. 
Introduction chapter presents background, problem statement, objective and 

structure of thesis to overview a detail and problem of bipolar DC distribution grid with 
EV charging demand integration. 

Literature review presents overview of DC distribution grid such as structure 
(unipolar and bipolar structure), voltage level in view of end’s user or grid operator, 
impact of EV and concept of V2G technology. 

Methodology presents a calculation method of bipolar DC power flow, load 
balancing method and EV load demand evaluation to evaluate effect on unbalance 
load and EV charging demand on bipolar DC distribution grid via voltage profile, system 
power loss and VUF 

Simulation result can be separated into 4 parts as follow: 
First part is a base case simulation which validate a source code with other 

article and simulate a 48-hours base case of bipolar DC distribution system to evaluate 
voltage profile, daily energy loss and VUF of unbalance condition. After that in second 
part, a load balancing method is used to reduce daily energy loss and VUF of base 
case system. 
 A conclusion of first part presents a validation which uses balanced 4-bus DC 
bipolar distribution grid and unbalanced 21-bus DC bipolar distribution grid. The 
referred simulation result of the system is solved by using PSCAD program which this 
thesis uses MATLAB source code based on GMM technique to simulate a power flow 
of the system. The simulation presents two categories based on a type of distribution 
system which a result presents a percentage error of source result and PSCAD 
simulation result from referenced article. In case of balanced 4-bus DC bipolar 
distribution grid, the result presents a percentage error of validation that equals 0.31%.  
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in the other case, the percentage error is less than 0.01% with total power loss 95.42 
kW and -2.7 % of VUF which the program has satisfactory performance and will be 
used in the other case study. 
 The base case simulation (Case I) presents a 48-hours of unbalanced 21-bus DC 
bipolar distribution system with various dynamic load for using as base case which a 
simulation result presents a voltage profile, total energy loss, VUF. The simulation can 
be concluded as follow:  
 In case of voltage magnitude presents a weak bus location of positive and 
negative power which a weak bus of positive pole locates at bus 17 is 0.983 p.u. and 
-0.95 p.u. for negative pole in 15.30 p.m. or timeslot 61 due to unbalance load demand 
capacity between positive pole and negative pole that the load comprises of unipolar 
load and bipolar load. In case of highest VUF, the highest VUF locates at bus 18 which 
have 3.34 % of VUF at 15.30 p.m. due to differential capacity of load demand between 
positive pole and negative pole at bus 18.  

To reduce an unbalance problem of the system, A load balancing method 
based on PSO is used to solve the problem that was present in Case II or load balancing 
case simulation. The load balancing method is used to balance a unipolar load 
demand between positive pole and negative pole by searching an optimal connection 
type. Which the system with optimal connection type of load can be reduce VUF from 
3.34 % to 0.37 % at bus 18 at 15.30 p.m. in case of voltage improvement at bus 17, a 
load balancing method reduce voltage at positive pole from 0.983 p.u. to 0.967 and 
increase voltage at negative pole from -0.95 p.u. to -0.968 p.u. with 0.34% of VUF at 
15.30 p.m. the case have total energy loss is 471.175 kWh which is 1.73 % of total 
energy demand of the system or 50.821% of total energy loss of case I. 
 Third part presents EV charging load demand evaluation by using MCS based 
on mean and standard deviation of plug-in time and daily travel distance to estimate 
EV’s user behavior which the output of MCS proposed a 48-hrs. EV charging load profile 
based on 50 of EV quantity distributed on the system with 44.5 kWh of EV battery 
capacity. 
 After that, the result of third part is used to integrate with balance system from 
second subsection that presents an impact of EV charging demand on distribution grid. 
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Lastly in fourth part, the impact of EV charging demand was solved by load balancing 
method with EV charging load. 
 The fourth part comprises of case III and case IV. the case III presents load 
balancing case with unbalancing probabilistic EV load demand which uses a balanced 
21-bus bipolar distribution system as a simulation system integrated with 448-hrs. EV 
charging demand to simulate impact of uncontrolled EV charging demand on 
distribution grid. A simulation result of case III presents an impact of EV load demand 
in form of voltage profile, VUF and energy loss of the system. Firstly, a lowest positive 
voltage located at 09:15 a.m. of bus 17 which have 0.952 p.u. as a voltage at the 
moment. Which a reason of the problem at bus 17 is load demand at this moment 
and 4.5 kW of EV charging load demand during 08:00 p.m. to 10:45 a.m. in the other 
hand, the lowest negative voltage locates at 08.45 a.m. of bus 17 which have 16 kW 
of EV charging demand and bipolar load. The voltage decreases from -0.975 p.u. to                
-0.952 p.u. In case of highest VUF, a highest VUF locates at bus 17 which have 1.326%. 
a total energy loss is 1,132.83 kWh that increases from case II 661.705 kWh or                          
as 2.44 % of total energy load demand. As a result of higher current flow at each bus 
and the resulting imbalance state, the EV load demand can have an impact on the 
overall power loss of the system. 
 The case IV integrates load balancing method to EV load demand at each bus 
to reduce impact of uncontrolled EV charging load demand which a simulation result 
can reduce total energy loss from 1,132.83 kWh to 655.06 kWh or 17.61 % of total 
energy loss. A highest VUF locates at 17.00 p.m. of bus 17 increase from 1.326 % to 
1.523 %.  
 

5.1 Future work 
The future work is battery integration to load balancing method which can be 

a huge capacity of battery system or fleet of EV to support load balancing method. An 

advantage of battery system is high capacity so the battery can act as load to increase 

load demand or act as source to support load in the network. In the other hand, EV 

batteries are a movable battery which can be moved to serve power to optimal bus 
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based on optimization technique for search an optimal position of EV to give a 

maximize benefit on distribution grid.  
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APPENDIX A 
SIMULATION DATA AND RESULT  

 
A.1  Validation simulation 

 

Figure 4.2 4-bus bipolar DC distribution grid 

Table A.1 4-bus simulation result 
Bus PSCAD MATLAB 

V+(kV) V0(kV) V-(kV) V+(kV) V0(kV) V-(kV) 

1 18.700 0 -18.700 18.700 0 -18.700 

2 18.619 0 -18.619 18.561 0 -18.561 

3 18.588 0 -18.588 18.502 0 -18.502 

4 18.588 0 -18.588 18.442 0 -18.442 

The average simulation error (%) 0.31 
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A.2  21-bus bipolar DC distribution grid 

 

Figure 4.3 21-bus bipolar DC distribution grid  
Table A.2 Load data of 21-bus bipolar DC distribution grid for validation simulation 
Bus  P+(kW) P-(kW) Pbi(kW) Bus P+(kW) P-(kW) Pbi(kW) 
1  0 0 0 12 68 70 0 
2  70 100 0 13 10 0 75 
3  0 0 0 14 0 0 0 
4  36 40 120 15 22 30 0 
5  4 0 0 16 23 10 0 
6  36 0 0 17 43 0 60 
7  0 0 0 18 34 60 0 
8  32 50 0 19 9 15 0 
9  80 0 100 20 21 10 50 
10  0 10 0 21 21 20 0 
11  45 30 0     
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Table A.3 Bus data of 21-bus bipolar DC distribution grid 
From bus To bus Resistance From bus To bus Resistance 
1 2 0.053 11 12 0.079 
1 3 0.054 11 13 0.078 
3 4 0.054 10 14 0.083 
4 5 0.063 14 15 0.065 
4 6 0.051 15 16 0.064 
3 7 0.037 16 17 0.074 
7 8 0.079 16 18 0.081 
7 9 0.072 14 19 0.078 
3 10 0.053 19 20 0.084 
10 11 0.038 19 21 0.082 

Table A.4 Validation result of 21-bus bipolar DC distribution grid 

Bus PSCAD MATLAB 

V+(kV) V0(kV) V-(kV) V+(kV) V0(kV) V-(kV) 

1 1,000 0 -1,000 1,000 0 -1,000 

2 996.28 -1.62 -944.66 996.28 -1.62 -944.66 

3 959.52 9.22 -968.74 959.52 9.22 -968.74 

4 951.76 11.37 -963.14 951.76 11.37 -963.14 

5 951.50 11.64 -963.14 951.50 11.64 -963.14 

6 949.80 13.33 -963.14 949.80 13.33 -963.14 

7 953.12 11.77 -964.89 953.12 11.77 -964.89 

8 950.43 10.39 -960.82 950.43 10.39 -960.82 

9 943.11 17.80 -961.11 943.11 17.10 -961.11 

10 936.57 12.49 -949.06 936.57 12.49 -949.06 

11 929.93 13.62 -943.55 929.93 13.62 -943.55 
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Table A.4 Validation result of 21-bus bipolar DC distribution grid (Continued) 
Bus PSCAD MATLAB 

V+(kV) V0(kV) V-(kV) V+(kV) V0(kV) V-(kV) 

12 924.02 13.71 -937.73 924.02 13.71 -937.73 

13 925.94 14.48 -940.41 925.94 14.48 -940.41 

14 915.16 15.99 -931.15 915.16 15.99 -931.15 

15 903.90 18.11 -922.02 903.90 18.11 -922.02 

16 894.41 20.66 -915.07 894.41 20.66 -915.66 

17 888.26 24.34 -912.60 888.26 24.34 -912.60 

18 891.25 18.58 -909.83 891.25 18.58 -909.83 

19 908.55 16.74 -925.29 908.55 16.74 -925.29 

20 904.26 17.83 -922.09 904.26 17.83 -922.09 

21 906.62 16.98 -923.54 906.61 16.93 -923.54 

Validation error (%) <0.01% 

Total power loss (kW) 95.42 

Maximum VUF (%) -2.7 

 (At bus 17) 
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A.3  Base case simulation 
Table A.5 Load connection type of base case system 

Bus P+(kW) P-(kW) Pbi(kW) 
1 - - - 
2 Load 2(A) Load 3(B) - - 
3 - Load 1(A) Load 5(B) Load 4 
4 - Load 2(A) - 
5 - Load 2(A) - 
6 - Load 2(A) - 
7 - - - 
8 Load 1 (A) Load 2 (B) - 
9 Load 2 (A) - Load 4 
10 - Load 2 (B) - 
11 - Load 1 (A) 

Load 2 (B) 
- 

12 - Load 4 (A) 
Load 5 (B) 

 

13 - - - 
14 - - - 
15 Load 5 (A) Load 1 (B) - 
16 Load 5 (A) Load 3 (B) - 
17 - Load 5 (A) Load 6 
18 - Load 2 (A) Load 5 (B) - 
19 - Load 1 (A) Load 2 (B) - 
20 - Load 1 (A) Load 3 (B) Load 6 
21 - Load 1 (A)Load 2 (B) - 
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