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Abstract

Electricity generation and transportation account for most of the global pri-

mary energy demand. The majority of the world’s coal demand is for electricity

generation and the majority of the world’s oil demand is for transportation. This

has triggered an increase in the deployment of renewable energy sources such as

photovoltaic (PV) and wind throughout the globe. Likewise, alternative vehicle

technologies, such as plug-in hybrid electric vehicles (PHEVs), are being devel-

oped to reduce the world’s dependence on oil for transportation and to limit

transportation-related greenhouse gas emissions. A major barrier for the wide

penetration of PHEVs in the market is the underdeveloped charging infrastruc-

ture. Another emerging issue is that a large number of PHEVs connected to

the grid simultaneously may pose a huge threat to the quality and stability of

the overall power system. Since the initial penetration of PHEVs is expected to

be confined to a particular neighborhood, charging them simultaneously might

cause serious issues to the distribution transformers.

In view of the above issues this dissertation proposes a PHEV charging sta-

tion architecture for workplace-based parking facilities using renewable energy

sources (wind and/or PV) coupled with smart grid technologies. The proposed

control algorithm will reduce the stress imposed on the grid at the distribution

level during peak load hours. The proposed architecture consists of a DC mi-

crogrid that allows three-way interaction between the distributed energy sources,

PHEVs and the grid, ensuring optimal usage of available power, charging time

and grid stability. It consists of a photovoltaic and/or wind power source, power

conditioning unit (PCU) along with an energy storage unit (ESU). The PCU con-

sists of power converters with an intermediate DC-link.

A unique control algorithm, based on the variation in DC link voltage level

vii



and the priority charging levels of PHEVs, facilitates the energy management and

scheduling of PHEVs in the charging facility. As the DC link voltage is the only

criterion used for switching between various modes, the overall complexity of the

system is reduced in comparison to other existing methods.
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Chapter 1 Introduction

1.1 Introduction

The increasing environmental and economic problems coupled with the pro-

liferation in smaller generating units in the form of wind and solar has opened

new opportunities to generate power on-site. Along these lines, the so-called mi-

crogrid is a widely known and accepted concept that comprises energy storage

and generating units in order to get the most from the naturally available re-

newable energy sources [1]. Although its structure is more complex, and a more

expensive one, it provides unparallel flexibility in generating power locally. On

the other hand, because of the rising energy costs, concerns about energy security

and fossil energy reserves, and growing consumer expectations, plug-in hybrid

electric vehicles (PHEVs) are appearing worldwide [2–4] and present a promis-

ing, emerging technology. An intelligent synergy of these two concepts combined

with advanced control techniques can provide a great platform for developing

renewable energy solutions at the lower power level .

Transportation sector has been one of the top contributors of greenhouse gas

(GHG) emissions globally. The conventional vehicle operates through internal

combustion engine (ICE) which runs on energy derived from fossil fuels (i.e.

gasoline or diesel), thus emitting gases such as carbon dioxide, hydrocarbons,

carbon monoxide, nitrogen oxides, water etc. From the statistical database of U.S

Energy Information Administration (EIA), the world total energy consumption

by the end-use sector is shown in Figure 1.1 and the carbon dioxide emissions by

the end-use sector is shown in Figure 1.2 [5]. Transportation sector accounted for

almost 27% of total energy consumption of the world and 33.7% of the total GHG

emissions in 2012 [6].
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Nomenclature

AC Alternative current
AES Auxiliary energy source
AEV All-electric vehicles
AFC Solid oxide fuel cells
a-Si Amorphous silicon
ATEG Automotive thermoelectric generator
BEV Battery electric vehicle
BTU British thermal unit
CdTe Cadmium telluride
CIGS Copper indium gallium selenide
CIS Copper, indium or gallium
CSG Crystalline silicon on glass
DC Direct current
DIP Driver’s intention predictor
DMFC Direct methanol fuel cell
DP Dynamic programming
DSC Dye sensitised cell
DSI Driving situation identifier
ECE Economic Commission of Europe drive cycle
ECMS Equivalent fuel consumption minimization strategy
EDLC Electric double-layer capacitors
EFG Film-fed growth
EIA Energy information administration
EM Electric motor
EMI Electromagnetic interference
EPA Environment protection agency
EREV Extended range electric vehicle
ESS Energy storage system
EV Electric vehicle
EWT Emitter wrap through
FC Fuel cell
FES Flywheel energy system
FTD Fuzzy torque distributor
FTP Federal test procedure
GA Genetic algorithm
GHG Green house gasses
GPS Global positioning system
HEV Hybrid electric vehicle
HE-VESIM Hybrid vehicle system simulation

HESS Hybrid energy storage system
HF Hybridization factor
HCPV High concentrator photovoltaic
ICEV Internal combustion engine vehicle
IEC International Electrotechnical Commission
LA92 ‘‘Unified’’ dynamometer driving schedule
LCPV Low concentrator photovoltaic
LED Light-emitting device
MCFC Molten carbonate fuel cell
mpg Mile per gallon
NEDC New European Driving Cycle
PAFC Phosphoric acid fuel cells
PBC Power balance controller
PEM Power of electric motor
PICE Power of internal combustion engine
PEMFC Proton exchange membrane fuel cells
PHEV Plug-in hybrid electric vehicle
PSO Particle swarm optimization
PV Photovoltaic cell
RB Rule-based
RTO Real-time optimization
SC Switched-capacitor
SC03 Air-conditioning drive cycle
SDP Stochastic dynamic programming
SFTP Supplemental federal test procedure
SOC State of the charge
SOFC Solid oxide fuel cells
SPHEV Series plug-in hybrid electric vehicle
SR String ribbon
TAGS Alloys containing Te, Ag, Ge, Sb
TEG Thermoelectric generator
TPV Thermophotovoltaic
UC Ultracapacitor
UDDS Urban dynamometer driving schedule
USDE U.S. Department of Energy
US06 Aggressive drive cycle in United States
VRLA Valve regulated lead acid
V2G Vehicle-to-grid
ZEBRA Zero emissions batteries research activity
ZT Dimensionless figure of thermodynamic efficiency
ZVS Zero-voltage switching

Fig. 1. The delivered energy consumption (Quadrillion BTU) based on different end-users.
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Figure 1.1: The delivered energy consumption (Quadrillion BTU) based on differ-
ent end-users [5].

hybrid electric vehicles (full-HEV).

HF¼ PEM= PEMþPICEð Þ: ð1Þ

Currently, there are two ways to cascade the EM to ICE. One is
by sharing the same shaft with ICE and EM. The second one is by a
power split path. The difference in fuel efficiency calculated by
mile per gallon (mpg) can be seen in every stage of vehicle
hybridizing. Fuel efficiency is kept increasing from a conventional
ICE vehicle to an AEV, which is shown in Table 2. A footnote on
the Environment Protection Agency (EPA) site explains, ‘‘MPGe is
miles per gallon of gasoline-equivalent and represents the miles
per amount of energy of a non-gasoline fuel that is equivalent to
the amount of energy in a gallon of gasoline. For an EV or PHEV,
33.7 kWh of electricity represents the same amount of energy as
one gallon of gasoline’’ [11,12].

2.2. Internal combustion engine vehicle (ICEV)

ICEV has a combustion chamber to transform chemical energy
to heat energy and kinetic energy to propel a vehicle. It has two
types of vehicles: conventional ICEV which have no EM to assist
and acquire lowest fuel economy and micro-hybrid electric
vehicles (micro-HEV), which have EM with low operating voltage
14 V (12 V) and power not more than 5 kW only to restart ICE

from off state without contributing any power to propel the
vehicle. During coasting, braking or stopping the ICE turns off in
order to improve fuel economy by 5–15 % (in city/urban driving
environments). The Citroën C3, currently being sold in Europe, is a
micro-HEV .

2.3. Hybrid electric vehicle (HEV)

The hybrid electric vehicle or HEV is a vehicle using both ICE
and electric motor as power sources to move the vehicle. Nowa-
days, there are six types of drive trains architectures for HEV
which are shown in Fig. 5. Mild-HEV has the same advantage with
micro-HEV but electric motor in mild-HEV has an electric power
of 7–12 kW with 150 V (140 V) operating voltage and can run the
car together with ICE. It cannot, however, run without ICE
(primary power) because they share the same shaft as shown in
Fig. 5(a). This type of configuration normally gains fuel efficiency
up to 30% and can reduce the size of ICE [13]. The GMC Sierra
pickup, Honda Civic/Accord and Saturn Vue are examples for
mild-HEV . Today, most of the car makers have the same pace to
produce full-HEV due to its use of split power path either running
on just ICE or the EM, or both. Without compromising the driving
performance, full-HEV can save as much as 40% of fuel. Normally,
this type of HEV has high capacity energy storage system (ESS)

Fig. 2. The energy-related carbon dioxide emissions (million metric tons CO2 equivalent) based on different end-users.
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Figure 1.2: The energy-related carbon dioxide emissions (million metric tons CO2
equivalent) based on different end-users [5].
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We Need to Talk
To move forward, sometimes you have to look back and 
reassess past failures and achievements. Past generations 
of EV designs grabbed the public’s attention. Innovation 
and evolution are the mainstays of EV development. As 
shown in Figure 1, the evolution of the EV can be traced 
back to the 1830s. Scotland’s Robert Anderson built the 
first prototype of an electric-powered carriage, and during 
the same time period, German engineer Andreas Flocken 
built the first four-wheel electric car. Pope Manufacturing 
Co., Hartford, Connecticut, the first large-scale EV maker in 
North America, made electric cars for the New York City 
taxi fleet. These innovations propelled EV technology into 
a booming industry in the United States that, by 1900, had 
encompassed 28% of the road vehicle market. This 
momentum was seriously dampened with the introduc-
tion of the petroleum-powered Ford Model T car. The EV 
market plummeted down to near extinction because of 
the predominance of internal combustion engines (ICEs) 
and the availability of cheap petroleum.

Recent years have seen a rekindled interest in EVs 
because of rising oil prices as well as research and devel-
opment programs that have significantly improved the 
technology. Government initiatives such as the zero-
emission vehicles program in California, which has made 

the technology more attractive for automakers, have also 
energized the EV market. Toyota was the first automaker 
to release a commercial hybrid vehicle, selling 18,000 units 
in 1997. Since then, oil prices have increased steadily, 
peaking at more than US$145 per barrel. Major automak-
ers have responded by developing and commercializing a 
new generation of energy-efficient vehicles called plug-in 
hybrid EVs (PHEVs) and all-battery EVs (BEVs).

Does Our Relationship Have a Future?
Today, conventional ICE vehicles are a modern necessity on 
which society relies. However, large numbers of automobiles 
in use around the world have caused and continue to cause 
serious health and environmental problems. Air pollution, 
global warming, and the rapid depletion of the Earth’s petro-
leum resources are problems of paramount concern.

According to Navigant Research, “The average price of 
fuel for conventional vehicles will likely continue to rise 
through the remainder of this decade, driving demand for 
electrified (hybrid, plug-in hybrid, and all electric) vehicles” 
[1]. So far, this prediction is being fulfilled. This is corrobo-
rated by Pike Research’s findings of increasing EV sales 
and market penetration around the world, as noted in Fig-
ure 2. In 2012, Japan led sales of pure electric cars with a 
28% market share of global sales, followed by the United 

States with a 26% share, China 
with 16%, France with 11%, and 
Norway with 7%. Plug-in hybrid 
sales in 2012 were led by the Unit-
ed States with a 70% share of 
global sales, followed by Japan 
with 12% and The Netherlands 
with 8%. According to a recent 
report from Navigant Research, a 
total of 21.9 million EVs will be 
sold worldwide during the period 
from 2012 to 2020.

Making a Long-Term  
Policy Commitment
The significant reduction in fossil 
fuel usage and CO2 emissions is a 
well-known and attractive feature 
of EVs that has enabled their mar-
ket penetration. The public and the 
industry understand the impor-
tance of reducing carbon foot-
prints. They know that the trans-
portation sector, as a whole, has a 
significant carbon footprint, and 
only governments, at various lev-
els, have the power to regulate that 
footprint through legislation. In 
the United States, for example, the 
Corporate Average Fuel Economy 
(CAFÉ) regulation compels, or you 
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Figure 1. The evolution of EVs.
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Figure 2. Global annual light-duty vehicle sales through 2017, as forecasted by Pike Research.
Figure 1.3: Global annual light-duty vehicle sales through 2017, as forecasted by

Pike Research [7].

According to Navigant Research, "The average price of fuel for conventional

vehicles will continue to rise through the remainder of this decade, driving the

demand for electrified (hybrid, plug-in hybrid, and all electric) vehicles" [7]. So

far, this prediction is being fulfilled, which is corroborated by Pike Research’s

findings of increasing electric vehicle (EV) sales and market penetration around

the world, as noted in Figure 1.3. The International Energy Agency (IEA) has put

forward a positive and ambitious road map to achieve widespread adoption and

use of EVs and PHEVs worldwide by 2050. The road map targets a 30% reduction

in global CO2 levels by 2050 relative to 2005. The reduction is to be implemented

through efficiency improvements and electrified transportation, with an EV share

of at least 50% of the global light-duty vehicle sales.

To meet the expected penetration of PHEVs, it is essential to install charg-

ing facilities at appropriate locations for recharging PHEVs. These charging

facilities are required to be built at home, neighborhood workplaces and mar-
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kets/shopping malls in order to keep the PHEVs powered up and running reli-

ably. The proliferation of these charging facilities will add stress to the already

overloaded U.S. grid creating new challenges for the distribution network. Since

upgrading of transformers en masse is an expensive option, this issue needs close

attention with the increasing penetration of PHEVs.

1.2 Research Motivation and Objectives

The typical charging time of PHEVs is 7 to 8 hours, which might make it

hard to accommodate these additional loads in the load curve without increasing

the peak load [8]. Also, the required additional charging energy would have a

possible impact on the utility system. Power transformers are one of the most

expensive components in a distribution network. With the increasing penetration

of PHEVs, a new load peak may be created, which may exceed the transformer

capacity. This requires the utilities to upgrade the local distribution transformer

or leads to an early replacement. Reduction in the transformer life expectancy

will result in an increase in costs to the utilities and the consumers. Hence, the

reduced transformer life becomes a very important impact when extra load is

taken into consideration.

Expanding the electric system the conventional way, with large generating

plants located far from the load centers, would require upgrading the transmis-

sion and distribution systems as well. Besides the high costs, this can take many

years before obtaining the right-of-way. Alternatively, smaller and cost effective

power plants based on renewable energy, such as wind energy, are being consid-

ered by the utilities. Also, solar energy can be installed in a fraction of that time on

the distribution system. Photovoltaic (PV) presents a modular characteristic and

can be easily deployed on the roof top and facades of residences and buildings. In
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view of this, this dissertation proposes a new architecture for PHEV charging fa-

cilities integrated with PV or wind power source. The proposed charging facility

will charge the PHEVs from the photovoltaic/wind turbine system, thus reduc-

ing the stress on the grid. When the grid is at peak demand and solar power is

insufficient to charge the PHEVs then the charging station would enable vehicle

charging to be delayed or temporarily interrupted. The use of on-site power gen-

eration from renewable sources will be a key step in ensuring that the electricity

used to power PHEVs is clean renewable energy. The design of smart, efficient

systems will be vital in maximizing the power delivered to PHEVs.

The proposed architecture shown in Figure 1.4 provides a high level view of

the charging facility. The proposed architecture consists of a DC microgrid that

allows three-way interaction between the distributed energy sources, PHEVs and

the grid, ensuring optimal usage of available power, charging time and grid sta-

bility. It consists of a photovoltaic or wind power source, a power conditioning

unit (PCU) and an energy storage unit (ESU). The PCU consists of power convert-

ers with an intermediate DC link. A simple but unique control strategy based on

DC link voltage sensing is proposed in which the DC link voltage level is allowed

to change in accordance to the changes in solar irradiation or wind speeds. As

the DC link voltage is the only criterion responsible for switching between vari-

ous modes the overall complexity of the system is reduced in comparison to other

existing methods.

The contributions of this dissertation can be summarized as follows :

1. Increasing the penetration of renewable energy sources in transportation

and the power industry.

2. Smart charging techniques proposed in this research will help in avoiding

major expense to upgrade distribution transformers and other substation

equipment with the increase in PHEV loads on the distribution system.
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Figure 1.4: Proposed architecture for the charging facility.

3. Improved economic performance of PHEVs could be enabled by the avail-

ability of mid-day charging (through the propsoed architecture for charging

facilities), increasing the distance traveled using low-cost electricity, and po-

tentially reducing the size of the battery.

4. A more efficient and reliable DC charging infrastructure which offers the

additional advantage of fast charging compared to the conventional AC

charging methods.

1.3 Dissertation Organization

The contents of this dissertation proposal have been organized in the follow-

ing manner :

Chapter 1 provides an introduction about the necessity of integrating PHEV

charging facilities with renewable energy sources such as wind and solar. The
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current energy consumption and carbon dioxide emissions from various end user

sectors is discussed briefly. The proposed architecture for the charging facility

is described vividly and the motivation and contributions of the dissertation are

presented.

Chapter 2 covers the detailed literature review on the current state of the

knowledge on PHEV charging infrastructure. The existing charging methods and

battery technology are discussed. The impact of charging PHEVs on the distribu-

tion transformer and the techniques to mitigate this issue are presented. Various

power electronic topologies for charging facilities integrated with renewable en-

ergy sources are reviewed. Finally the concept of DC link voltage sensing which

is a simple but unique control strategy for energy management in the proposed

charging facility is explained in detail.

In Chapter 3, the architecture and control of a PV powered workplace-based

charging facility is presented. To verify the practical feasibility and effectiveness

of the proposed control strategy, laboratory tests have been carried out. Experi-

mental results are presented which support the operation of the charging facility

in various modes. This chapter shows how the concept of DC link voltage sensing

is contemplated for energy management in a PV integrated charging facility

PHEVs are expected to stay in a workplace-based PV/wind powered charg-

ing facility for several hours. On the other hand the power generated by renew-

able energy sources is highly stochastic in nature. Hence the charging of PHEVs

has to be scheduled in order to facilitate the greater use of renewable energy

sources for charging them within the stipulated time period. To this end, Chapter

4 presents a real time scheduling algorithm for charging PHEVs in a workplace-

based charging facility. The proposed algorithm is based on the DC link voltage

level and certain charging priority levels

As small wind turbine research & development continues to reduce capital
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expense and increase generation efficiency, more homeowners and small busi-

nesses will begin to utilize wind as an alternative renewable source of energy.

Hence charging PHEVs from small scale wind turbines is also being realized as a

viable alternative. In view of this, Chapter 5 proposes a charging station architec-

ture with a small scale wind turbine as the primary source. Coordinated control

strategy based on DC link voltage sensing is proposed to facilitate the operation

of the charging facility in standalone and grid-connected mode. The proposed

architecture and the control algorithm are validated through simulations and ex-

perimental results.

Chapter 6 gives some conclusions and directions for the future work on inte-

grating renewable energy sources into the existing power grid though a network

of charging facilities powered by PV/wind.
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Chapter 2 Review of PHEV Charging

Infrastructure

This chapter presents the detailed literature review on the current state of

the knowledge on PHEV charging infrastructure. The existing charging meth-

ods and battery technology are discussed. The impact of charging PHEVs on the

distribution transformer and the techniques to mitigate this issue are presented.

Various power electronic topologies and control algorithms for charging facilities

integrated with renewable energy sources are reviewed. The concept of DC link

voltage sensing which is a simple but unique control strategy for energy man-

agement in the proposed charging facility is explained in detail. Issues related

to the grid integration of PHEVs and PV systems are addressed. Finally recent

trends, advancements, and on going projects on solar based charging stations are

presented.

2.1 PHEV Charging Infrastructure

The rate of PHEV adoption will be determined by behavioral considerations

concerning charging location (density), the duration of charging time, and the

current challenge of range anxiety.

A diagram of a typical PHEV energy transfer system is shown in Figure 2.1.

A low-frequency transformer is used to deliver AC power from the grid to the

neighborhood where the electric vehicle supply equipment (EVSE) is installed.

Typically, the EVSE includes conductors, electric vehicle (EV) connectors, attach-

ment plugs, communication protocols, and all other fittings, devices, and power

outlets. The EVSE serves as the energy transfer interface between the premises

wirings and the PHEV’s on-board or off-board battery chargers.
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Level 3 fast charging extends the charging power to a 
much higher level (excess of 50 kW). Consequently, the 
charging time is significantly reduced. The level 3 charging 
stations are expected to charge a PEV battery pack to 80% 
SoC in fewer than 30 min. One of the frontier EV manufac-
turers, Tesla Motors Inc., is aimed at fully charging its EVs in 
5 min in the foreseeable future using its supercharging 
stations. To implement level 3 fast charging, an off-board 
charger is necessary to convert three-phase 208 V–600-Vac 
power to 200 V–450-Vdc power, which fits the voltage range 
of the battery pack. However, level 3 charging comes with 
extremely high costs, which include the installation, infra-
structure, and maintenance costs. It should be noted that 
the rapid charging of a battery pack can cause it to overheat 
and potentially decrease the battery life. Moreover, drawing 
ultrahigh power from the grid increases the demand from 
the grid and might cause an overload of the local distribu-
tion facilities. Consequently, level 3 charging is mainly 
intended for commercial and public charging stations.

Table 2 lists the charging characteristics and infrastruc-
tures of some of the commercially available PEVs on the 

market as of December 2013. All listed PEVs are equipped 
with OBCs compatible with level 1 and level 2 charging. All 
PEVs, except for the Tesla Model S, use a universal charge 
connector, which is defined by the standard SAE J1772.

Battery Charging Strategies
A Li-ion cell has a higher energy density than other bat-
tery chemistries such as lead acid cell, nickel cadmium 
cell, and Ni-metal hydride cell. In PEVs, the energy densi-
ty and the weight of the battery are two of the most criti-
cal parameters that determine the electric range of the 
vehicle. Consequently, the Li-ion cell has dominated the 
market of commercially available PEVs. This can be 
observed in Table 2, as all the listed PEVs are equipped 
with an Li-ion battery pack. Although extended life cycles, 
increased energy density, and a slight cost reduction have 
been achieved with the evolution of battery technology, 
the Li-ion battery pack is still the most expensive and 
heaviest component of a PEV.

It is not only the battery chemistry that determines the 
power level at which a cell can accept a charge but also 
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Figure 1. A diagram of an EV energy transfer system (modified from Young et al.).

TABLE 1. Charging power levels.

Charging 
Level

Power Supply Power Limit 
(kW)

Installation and 
EVSE Cost

Typical Charging 
Power (kW)

Range for 1 h of 
Charge (mi)

Charging Time

EV PHEV

Level 1 120-Vac 
single phase

1.92 US$500–800 1.4 3–4 ~17 h ~7 h

Level 2 240-Vac 
single phase

19.2 US$3,150–5,100 3.3 (onboard) 8–10 ~7 h ~3 h

6.6 (onboard) 17–20 ~3.5 h ~1.4 h

Level 3 Three-phase 
208–600 
Vac or dc

240 US$30,000–
16,000

>50
(off-board)

50–60 30–45 
min

~10 
min

Figure 2.1: A diagram of a PHEV energy transfer system.

There are several charging levels for PHEVs that reflect the power capability

and charging duration. These levels have been standardized to reveal the PHEVs

low or fast charging scenarios. The slow charging (typically upto 8 hrs - PHEV or

20 hrs - EV) can be experienced at home or office areas whereas the fast charging

(typically 15 min to 1h) at dedicated charging stations in commercial or public

places. As shown in Table 5.1, the AC Level 1 is practically realized at home

environment while the AC Level 2 is suitable for public and commercial areas like

workplace, movie theaters, shopping malls etc. However, the DC-fast charging

(DC Level 1-3) is envisioned to cover the public, private or commercial charging

stations [9, 10].

Figures 2.2 and 2.3 illustrate the PHEV charging configurations for the AC

Level 1 & 2 requirements (PHEV includes an on-board charger) and DC Level

1 & 2 (electric vehicle supply equipment (EVSE) includes an off-board charger),

respectively. The two figures illustrate the setup of the facilities at the charging

point and embedded PHEV kits for charging scenarios by considering the AC and

DC charging levels as depicted in Table 5.1. With the AC Level 1 and 2 config-
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Table 2.1: AC/DC charging levels characteristics as per SAE J1772 standard

Power level type Voltage level [V] Current capacity [A] Power capacity [kW]

AC Level 1 120 VAC 12 1.4

AC Level 2 240 VAC Up to 80 19.2

Ac Level 3 - - >20

DC Level 1 200 - 500 VDC <80 Up to 40

DC Level 2 200 - 500 VDC <200 Up to 100

DC Level 3 200 - 600 VDC < 400 Up to 240

urations in Figure 2.2, the electric vehicle supply equipment (EVSE) is provided

at the charging point by supplying the AC power to an on-board charger. How-

ever, with the DC Level 1 and 2 configurations in Figure 2.3, the charging point

supplies the DC current to the PHEV battery pack.

model. These schemes include uncontrolled (dumb) charging, dual
tariff charging and smart or intelligent charging [24]. In uncon-
trolled charging scheme, an EV starts charging immediately when
connected to the electric power. Numerous studies have been
conducted to assess the impact of this type of charging approach
on the power system networks [25]. Almost all studies concluded
that this kind of charging increases the overloading and invest-
ment cost of the power distribution system.

As mentioned in the previous subsections, the impacts of the
EV loading are substantially realized on the power distribution
system level. The EV charging increases an additional burden on
the existing power distribution grid. If this additional load is not
appropriately controlled, it can result to further aging of the power
system equipment and tripping of the relays under rigorous
overload conditions. It is reported in [26] that up to 60–70%
of the required incremental investment cost in the power

Fig. 1. EV charging configuration at AC level 1 and 2 setup (i.e. onboard charger).

Fig. 2. EV charging configuration at DC level 1 and 2 framework (i.e. off-board charger).

F. Mwasilu et al. / Renewable and Sustainable Energy Reviews 34 (2014) 501–516 505

Figure 2.2: PHEV charging configuration for AC level 1 and 2 setup (i.e. on-board
charger).
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model. These schemes include uncontrolled (dumb) charging, dual
tariff charging and smart or intelligent charging [24]. In uncon-
trolled charging scheme, an EV starts charging immediately when
connected to the electric power. Numerous studies have been
conducted to assess the impact of this type of charging approach
on the power system networks [25]. Almost all studies concluded
that this kind of charging increases the overloading and invest-
ment cost of the power distribution system.

As mentioned in the previous subsections, the impacts of the
EV loading are substantially realized on the power distribution
system level. The EV charging increases an additional burden on
the existing power distribution grid. If this additional load is not
appropriately controlled, it can result to further aging of the power
system equipment and tripping of the relays under rigorous
overload conditions. It is reported in [26] that up to 60–70%
of the required incremental investment cost in the power

Fig. 1. EV charging configuration at AC level 1 and 2 setup (i.e. onboard charger).

Fig. 2. EV charging configuration at DC level 1 and 2 framework (i.e. off-board charger).

F. Mwasilu et al. / Renewable and Sustainable Energy Reviews 34 (2014) 501–516 505

Figure 2.3: PHEV charging configuration for DC level 1 and 2 framework (i.e.
off-board charger).

2.2 Battery Technology

Today’s battery technology is quite an obstacle for marketability of PHEVs.

In order for a PHEV to achieve a substantial all-electric range, it must have much

larger battery capacity than HEVs (hybrid electric vehicles). At present, bat-

teries with such high power requirements come at a very high cost. A Li-ion

(Lithium-ion) cell has a higher energy density than other battery chemistries such

as lead acid cell, nickel cadmium cell, and Ni-metal(Nickel-metal) hydride cell.

In PHEVs, the energy density and the weight of the battery are two of the most

critical parameters that determine the electric range of the vehicle. Consequently,

the Li-ion cell has dominated the market of commercially available PHEVs. This

can be observed in Table 2.2, as all the listed PHEVs are equipped with an Li-

ion battery pack. Although extended life cycles, increased energy density, and a

slight cost reduction have been achieved with the evolution of battery technology,

the Li-ion battery pack is still the most expensive and heaviest component of a

12



PHEV.

Table 2.2: Battery capacity and technologies by various EV/PHEV manufacturers

Vehicle Model/EV type Battery type/Capacity Battery Charger (kW)

Nissan Leaf/EV Li-ion/24 kWh 3.3

BMW ActiveE/EV Li-ion/32 kWh 7.2

Ford Focus/EV Li-ion/23 kWh 6.6

Mitsubishi I/EV Li-ion/16 kWh 3.3

Honda Fit/EV Li-ion/20 kWh 3.3

Toyota Prius/PHEV Li-ion/4.4 kWh 3.3

Chevy volt/PHEV Li-ion/16 kWh 3.3

Cadillac ELR/PHEV Li-ion/16.5 kWh 3.3

Tesla Model S/EV Li-ion/85 kWh 10

2.3 Impact of PHEV Charging on the Distribution

System

Large-scale penetration of PHEVs can have a detrimental and destabilizing

effect on the electric power grid. With the variation in demand, the production of

power can vary significantly. Variation in charging time of PHEVs can result in

distinct differences in fuels and generating technologies [11]. Figure 2.4 illustrates

the impact of charging one million PHEVs on the Virginia - Carolinas electric grid

in 2018 on the various generation technologies. As shown in Figure 2.4, at low

specific power and late in the evening, coal was the major fuel used, while charg-

ing more heavily during peak times led to more use of combustion turbines and

combined cycle plants. Since the initial deployment of PHEVs is assumed to be

clustered to a particular neighborhood, many authors have focused their research
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on the study of distribution transformer impacts. Depending upon the time, place

of vehicle charging, various charging methods, and the charging power levels,

there could be several ramifications on the distribution network. Various analyti-

cal techniques and different simulation tools were employed by several authors to

estimate the transformers loss-of-life, average lifetime and harmonic losses. The

percentage of transformers loss-of-life and average lifetime are important factors

to be considered while studying the charging behavior of PHEVs on the future

distribution system. High penetration of PHEVs in the future will increase the

loss-of-life factor of distribution transformers [12–15].
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Figure 2.4: Generation shares by plant type for PHEV charging level and timing
[11].

The impact of controlled and uncontrolled charging of PHEVs on the average

lifetime of a transformer is described in [13] and [15]. As per [13], the average

lifetime of a transformer is reduced by 4-20% under uncontrolled charging for a

PHEV penetration of 10%. At 50% penetration of PHEVs, the average lifetime is

reduced by 200-300% with uncontrolled charging. On the other hand controlled

charging increases the lifetime by 100-200% with respect to uncontrolled charging

for 50% penetration of PHEVs. Plug-in electric vehicle charging rates can have a

significant impact on the lifetime of a transformer [13], [14]. Table 2.3 summarizes
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the sensitivity of transformer lifetime to different charging rates (3.6 kW and

7.7 kW) under controlled and uncontrolled charging for various levels of PHEV

penetration. As expected, transformer life degradation is exacerbated when the

charging rate is increased from 3.6 kW to 7.7 kW.

Table 2.3: Impact of charging PHEVs [13]

Charger
Rating

3.6 kW 7.7 kW

Charger
Type

Uncontrolled Controlled Uncontrolled Controlled

PHEV
Penetra-
tion

Minimum
Lifetime
(years)

Average
Lifetime
(years)

Minimum
Lifetime
(years)

Average
Lifetime
(years)

Minimum
Lifetime
(years)

Average
Lifetime
(years)

Minimum
Lifetime
(years)

Average
Lifetime
(years)

10% 29.2 61.1 32.7 56.3 27 49.8 34.1 59.6

25% 26.8 37.4 25.7 55.5 16.8 36.5 33.3 52.9

50% 12.2 38.9 10.7 45.2 11.2 24.3 29.9 48.4

75% 16 31.4 11.7 49.1 5.8 14.5 42.9 62.2

100% 8.3 18.4 12.8 37.8 2.3 10.5 26.8 38.8

The percentage of transformers loss-of-life can be minimized through dis-

tributed charging and controlled off-peak charging which requires coordination

among utilities, customers and charging stations. Simulation results in [16] show

that distributing the load profile of the battery charging helps to minimize the

distribution transformer loss-of-life. Power management of the PHEV battery

charge profile can help manage the loss-of-life of the distribution transformer.

Controlled off-peak charging can shift PHEVs charging load to an off-peak time.

Usually charging PHEVs at night time is proposed as the best way to mitigate

the loss-of-life issues of distribution transformers. However, PHEVs can also in-

troduce a new peak or near peak in early off-peak time. Generally, the impact of

extra load on transformers in summer is much greater than that in winter. How-

ever, some winter mornings with peak load may be an exception. Charging from

midnight through early morning in those days may exert strong impact on trans-

formers. Figure 2.5 describes this effect by taking the average residential load for

East Texas into consideration. As shown in the figure for a particular day in win-
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ter, February 11th, the load consumed in the early morning is higher than that in

II. MODELS 
In this paper, three models are built: base load model, EV 

load model, and transformer’s thermal model. 

A. Base Load Model 
Base load is obtained from ERCOT website [8]. Fig. 1 

demonstrates 15-minute interval load consumed by an average 
residential individual customer for different seasons in East 
Texas. Fig. 2 is the daily peak load per residential customer 
through 2011. The red points are labeled with the amount and 
the exact time of the peak load in that day. In East Texas 
where College Station is located, the load consumed in 
summer is higher than the load consumed in winter in general. 
However, different from the load profile obtained from 
“RELOAD Database Documentation and Evaluation and Use 
in NEMS” [5], for some days in February, the peak load 
happens in the early morning and is pretty high (For instance, 
in 2009, the peak load of the year happened in winter [8]). 
Hence, in some winter days (e.g. Feb.11th), the load consumed 
in the early morning is higher than that in summer days. For 
the purpose of fair analysis, the load consumption in Feb.11th 
is added to Fig. 1.  The results of this phenomenon will be 
presented in Section III. 

 
Figure 1.  15-minute interval data of average residential individual customer 

in East Texas 

B. EV Load Model 
The EPA estimation results of two representative auto 

models, Nissan Leaf and Chevy Volt, are employed in this 
study (in Table I). 

TABLE I.  EPA ESTIMATION RESULTS 

Auto 
Model 

EV 
Type 

Battery 
Size 

Electricity 
Consumption 

Electric 
Range 

Charging 
Time 

Nissan 
Leaf 

EV 24 kWh 34 kWh / 
100 miles 73 miles    7 hours 

(240 V) 
Chevy 
Volt EREV 16 kWh 36 kWh / 

100 miles 35 miles 6-6.5 hours 
(240 V) 

 

Eight EV cases are defined in Table II. Charging duration 
indicates the time required to fully charge the battery. The 
driving cycle for each case is based on the actual routes in 
College Station [9]. The cases differ in state of charge (SOC), 

vehicle type, or charging duration. For instance, case 1 differs 
from case 3 because case 1 vehicle charges only at home 

 
Figure 2.  Daily peak load per residential customer in East Texas 

TABLE II.  EV MODEL CASES 

Case Vehicle 
Type Daily Route Charging 

Location 
SOC  
(%) 

Energy 
Needed 
(kWh)  

Charging 
Duration 

(hour) 

1 Chevy 
Volt 

Home-Work  
(9 miles) 

Work-Shop-
Home 

(9.2 miles) 

Home 59 6.552 2.457 
(2.5) 

2 Nissan 
Leaf 

Home-Work  
(9 miles) 

Work-Shop-
Home 

(9.2 miles) 

Home 74.2 6.188 1.805 
(2.0) 

3 Chevy 
Volt 

Home-Work  
(9 miles) 

Work-Shop-
Home 

(9.2 miles) 

Home & 
Work 79.3 3.312 1.242 

(1.25) 

4 Nissan 
Leaf 

Home-Work  
(9 miles) 

Work-Shop-
Home 

(9.2 miles) 

Home & 
Work 87 3.128 0.912 

(1.0) 

5 Chevy 
Volt 

Home-Work  
(22.5 miles) 
Work-Shop-

Home 
(22.7 miles) 

Home X X X 

6 Nissan 
Leaf 

Home-Work  
(22.5 miles) 
Work-Shop-

Home 
(22.7 miles) 

Home 36 15.368 4.482 
(4.5) 

7 Chevy 
Volt 

Home-Work  
(22.5 miles) 
Work-Shop-

Home 
(22.7 miles) 

Home 
& 

Work 
48.9 8.172 3.065 

(3.0) 

8 Nissan 
Leaf 

Home-Work  
(22.5 miles) 
Work-Shop-

Home 
(22.7 miles) 

Home 
& 

Work 
67.8 7.718 2.25 

Figure 2.5: 15-minute interval data of average residential individual customer in
East Texas [12].

summer days. Therefore, it is not always appropriate to charge electric vehicles

at 1 am in those days. The required control strategy should depend on the actual

load profile in a particular area for a particular time period.

2.4 Mitigating the Impact of PHEV Charging on the

Distribution System

To mitigate the issue of transformer loss-of-life due to PHEV charging, in-

tegration of renewables like rooftop PV systems into the existing power grid has

been proposed. In [17], a case study for the year 2030 was built based on demand

increase, forecasted PHEV and DG units. The results showed that PHEV battery

charging would prove onerous for the constraints studied. DG penetration would

be able to provide support for PHEV battery charging but PHEV battery charg-

ing management would be necessary to minimize the impact in order to reach

high levels of PHEV penetration. Reference [18] presents a methodology to quan-

tify the benefits of the distribution transformer life extension brought about by

customer-owned DG units. The results show that distribution transformer loss-
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of-life variation, as a function of the DG penetration level, presenting a monoton-

ically decreasing characteristic which saturates after a certain penetration level.

The possibility of smoothing out the load variance in a household microgrid by

regulating the charging patterns of family PHEVs is investigated in [19]. The res-

idential PV system was simulated with PHEV charge-discharge control. Several

cases with different combinations of PV, PHEV, V2H (Vehicle to Home i.e. dis-

charge of PHEV) and various charging schemes were analyzed. Table 2.4 shows

the various scenarios possible. From the information available from the table,

Case 1 describes a residential facility without PV and PHEV. Case 2 describes a

residential facility integrated with rooftop PV system without PHEV. Therefore,

these 2 cases analyze the effects of using PV while using gasoline vehicles instead

of PHEVs. Case 3 represents a residential facility with PV and PHEV without

V2H capabilities. Cases 4 to 6 have all the facilities (i.e. PV, PHEV, and V2H

capabilities) but their charge-discharge schemes are different.

Table 2.4: Possible scenarios for a residential facility with PV and PHEV

Case PV PHEV V2H Charging
Scheme

1 5 5 5 n/a

2 3 5 5 n/a

3 3 3 5
Fixed (100 %
SOC)

4 3 3 3
Fixed (100 %
SOC)

5 3 3 3
Fixed (80 %
SOC)

6 3 3 3 Variable value

Simulation results for various cases are shown in Figure 2.6. The local con-

sumption rate of PV output increased by 1.7% when gasoline vehicles (case 2)
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are replaced with PHEVs (case 3). On the other hand, the rate of PV utilization

increased by 8.6% when the charging scheme changed from fixed (fixed target of

SOC - case 5) to variable (variable target value of SOC - case 6).
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Figure 2.6: The rate of PV utilization.

The investigation on the large penetration of rooftop PV solar and PHEVs

is reported in [20]. The study is centered on the impacts of the synergy between

PHEV charging and large distributed rooftop PV installations especially with the

voltage mitigation support. This mutual relationship works to complement each

other; hence the PHEVs can enhance large integration of the PV solar by provid-

ing voltage support and can reduce the stresses on the power distribution system

through V2G (vehicle-to-grid) services. It is noted that a specific integration of PV

solar and PHEVs presented a reduction of about 15% of the voltage fluctuations.

The integration of PV rooftop in photovoltaic charging facilities (PCFs) can relieve

the burden on the distribution networks, by reducing the effective load seen by

the distribution grid during peak charging period, as well as supplying power to

grid when excess power is generated by PV rooftops. A PV parking lot for PHEVs
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the distribution system and PEVs [16]. Sequential statistical 
recordings are used to evaluate potential impacts based on 
projections of certain aspects of PEV proliferation/use. The 
stochastic approach is intended to capture spatial and 
temporal diversity of PEV integration in the presence of PV 
solar units. Numerous stochastic cases are derived based on 
random assignment of PEV arrival times and daily charge 
profiles, based on Australian statistics and probability density 
functions described previously. In order to capture sufficient 
variation in the modeled variables, 1080 simulations are 
conducted for approximately 48 stochastic penetration 
scenarios. Results gathered from each stochastic set were then 
aggregated to form general conclusions concerning likely 
transformer LOL impacts as shown in Table IV Stochastic 
transformer thermal model results. Figure 3 Stochastic 
Distribution Transformer Loss of Life illustrates the LOL 
experienced at the distribution transformer, for change in 
stochastic PEV load and PV generation units. This particular 
simulation date has been selected to investigate worst case 
conditions, whereby the ambient temperature (recorded 40°C) 
causes natural transformer overload from 12.00pm to 3:30pm. 
It is evident that rooftop PV coupled with PEVs can reduce 
LOL during extreme conditions. 

 
Figure 3 Stochastic Distribution Transformer Loss of Life 

 
Through aggregate stochastic analysis, reveals that for a 
rooftop PV branch penetration of 27.27%, 19% LOL 
reduction can be achieved at a local distribution transformer 
in the presence of PEV charging. Therefore integration of 
rooftop PV alongside PEV charging positively serves to 
reduce distribution transformer useful loss of life in the 
presence of PEVs.  

 
Table IV Stochastic transformer thermal model results 

 
Transformer  PEV (%) PEV + PV (%) 

Winding current 122.45 % 107.55 % 
HST 118.95 % 108.10 % 
FII 128 % 109.00 % 
LOL 125.38 % 109.77 % 

Recorded Maximum 
PV LOL Reduction 

- 19 % 

VI. CONCLUSION 
The aim of this paper was to investigate the impact PEV 
charging imposes on local distribution transformer life in the 
presence of rooftop PV. The principal concept attained from 
this work is that PV generation coupled with PEV charging 
can delay and reduce the temperature rise of large oil-
immersed transformers. Furthermore, investigation finds that 
increased penetration of PEVs may have significant effect on 
distribution transformer loading. Therefore, utility companies 
must develop procedures or algorithms to identify these 
overload-susceptible transformers before they result in a high 
number of customer outages.   
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Figure 2.7: Stochastic distribution transformer loss-of-life [22].

is proposed in [21], in which the PHEVs can be charged from the PV source as

well as the distribution grid. Mathematical models are developed to estimate the

electric power capacity for PV parking lot. An evaluation of the impacts resulting

from the expected PHEV scenarios are performed through stochastic sequential

simulations of the distribution system with PHEV load and PV generation in [22].

Figure 2.7 shows the LOL (loss-of-life) experienced at a particular distribution

transformer, for change in stochastic PHEV load and PV generation units. It is ev-

ident from the figure that rooftop PV coupled with PHEVs can reduce LOL of the

distribution transformer. Results from [23] indicate that administration of solar

PV into the network causes a transformer LOL reduction of 18% when integrated

with a PHEV penetration level of 27.27%. Investigation signifies that compilation

of solar PV and PHEV coupling throughout the network reduces the transformer

power demand and henceforth, reduces the LOL during peak sun hours. These

studies have shown that PV generation coupled with PHEV charging can delay

and reduce the temperature rise of distribution transformers.
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2.5 Proposed Architectures for PV Based PHEV

Charging Facilities

Photovoltaic solar energy has a better correlation between generation and

load, as the power is generated during the day when demand on the power grid

is high. As described in Section 2.4 solar panels on rooftops or free-standing solar

carports provide an excellent method of charging PHEVs, while minimizing the

impact of daytime charging on the distribution network. Topologies for solar car-

ports or photovoltaic charging facilities (PCFs) vary depending on their location,

the expected number of PHEVs and their duration of stay in the parking lot. In

view of this, this section reviews the various architectures proposed for PV Based

PHEV Charging Facilities.

The charging units for PHEVs can be either on-board or off-board as de-

scribed in Section 2.1. In case of an off-board charger, the charger is an external

unit as shown in Figure 2.3 while in the case of an on-board charger it is a com-

ponent of the vehicle. On-board chargers are supplied with AC power and they

consist of an AC/DC rectifier, DC/DC boost converter for power factor correction

and a DC/DC converter to charge the battery as shown in Figure 2.2. Currently

AC charging is being employed to charge PHEVs by means of on-board chargers.

The major drawback of this technology is that it does not support fast charging

as it is required to increase the power capability of the on-board charger thereby

increasing the weight and therefore the cost of the PHEV. Hence to support fast

charging of PHEVs off-board chargers are proposed which directly supply DC

power to the PHEV charging inlet. It is to be noted that in case of an off-board

charger the entire power conversion (AC/DC) takes place in an external unit and

therefore it is feasible to increase the ratings of the power converters in order to

support fast charging.
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AC system is being used since years for power distribution and there are

well developed infrastructure-standards and technologies. DC system on the

other hand has many advantages, starting with the fact that overall efficiency

of the system could be higher and it facilitates the integration of renewable en-

ergy sources with fewer power converters. Since PV arrays generate DC power,

a charging facility featuring PV power facilitates the charging of PHEVs from a

DC bus. The DC bus system is expected to be more effective, efficient and eco-

nomical than an equivalent aggregate of AC-DC battery chargers connected to the

AC grid, since it relieves the battery chargers from the need for a bi-directional,

front-end, power-factor correction (PFC) stage [24]. Various methods have been

proposed for integrating PHEV chargers within a photovoltaic system. Several

power electronic topologies for a PCF have been proposed in the literature based

on the type and the number of converters which are classified as:

Centralized Architecture

Distributed Architecture

Single Stage Conversion With Z-converter

2.5.1 Centralized Architecture

Detailed block diagram representing the centralized architecture is shown in

Figure 2.8. It consists of a central DC/DC boost converter which performs the

function of maximum power point tracking. The DC/DC chargers are integrated

with the PV charging facility at the DC link. Multiple PHEVs can be charged

by increasing the corresponding ratings of PV panels and the associated power

converters. Each parking spot must have a dedicated DC/DC buck converter

which is connected to the DC link. This configuration is suitable for charging

stations in the range of several kilowatts. It is applicable for charging vehicles like
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CONTROLLER

(DSP TMS320F28035)

DC CHARGERS
PV

Figure 2.8: Centralized architecture.

golf carts, campus utility vehicles etc which commute for very short distances

with low battery capacities. Battery switch station powered by PV is a good

candidate for adopting centralized architecture. But this kind of configuration

does not support fast charging since installation of a very high power DC/DC

converter is very expensive and it is vulnerable to single fault shutdown.

2.5.2 Distributed Architecture

Presence of DC/DC converters with high power ratings is an important cri-

terion for fast charging of PHEVs. This can be achieved economically through

distributed architecture as shown in Figure 2.9. The architecture consists of sev-

eral strings of PV panels and each string of PV panels is interfaced with their own

DC/DC converter and shares a common DC bus, which connects to an AC util-

ity grid through a bi-directional DC/AC converter [25, 26]. The DC/DC battery

chargers are connected to the DC bus. Each parking spot requires an individual

DC/DC converter to charge the PHEVs. The proposed architecture is suitable for

installation at places such as workplace, universities, shopping malls etc where

the demand of PHEVs and their duration of stay in the parking lots are highly
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(DSP TMS320F28035)

Figure 2.9: Distributed architecture.

probabilistic in nature. It is more reliable since the PHEVs can be charged from

the grid during the periods of low insolation or cloudy weather. Also, it is im-

portant to note that the extra energy generated by PV can be injected into grid,

which can be used to balance the PV costs.

A PCF requires constant power from the PV or the grid to meet the high

demand of PHEVs. The reliability of a PCF can be improved by including an

energy storage unit such as a battery bank, ultra capacitor, fuel cell etc. For

instance in [27] the power generated by roof top photovoltaic system is stored

in VRLA (valve-regulated lead-acid battery) batteries and fuel cells in a PHEV

docking station. The PHEVs arriving at the docking station can be charged from

two separate tracks i.e. using the energy from the VRLA batteries or the fuel cells.

The use of storage capacity in PCFs has the following advantages [28]:

• Efficient use of renewable energy sources
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Figure 2.10: Single stage conversion with Z-converter.

• Maximization of renewable energy sources contribution

• Better demand and production match, better auxiliary service supply and

improved overall reliability

The core idea of including an ESU is that the power demand by PHEVs can

be either supplied by the PV or the utility or through a local energy storage unit.

Energy derived from the ESU can charge the PHEVs during certain contingencies

such as islanding condition without the availability of PV power. It facilitates the

charging of PHEVs using minimum energy from the grid. The charging station

appears as a DC microgrid with local generation from the PV system, PHEVs as

loads and battery bank representing the storage system.

2.5.3 Single Stage Conversion with Z-converter

The double stage conversion described in the above architectures is replaced

by a single stage using a Z-converter [29, 30] as shown in Figure 2.10. It is inte-

grated with a DC/DC converter to provide galvanic isolation. The Z-converter

has double modulation capability, and can shape the grid current while simul-

taneously regulating PHEV battery charging. This ensures close to unity power
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factor for all operating modes and power flow paths; achieving this with a sin-

gle conversion stage can be considered a unique advantage of the Z-converter.

Furthermore, this topology possesses inherent buck-boost capability, allowing in-

creased voltage range on the PV or grid. Despite the single conversion stage,

reliability, rather than efficiency or cost, is the strong point of the Z-topology.

Also the single-phase power processed by the Z-converter consists of 120 Hz dou-

ble line frequency ripple. This ripple can be mitigated by placing an additional

decoupling capacitor across the PV source which introduces possible deviation

from perfectly constant power extraction at the PV panels. Table 2.5 summarizes

the comparisons among various architectures with regards to the power level,

applications, and issues.

Table 2.5: Comparison of architectures for PV based charging facilities

Architecture Charger
Type

Power
Level Power Flow Applications Issues

Centralized Ar-
chitecture

DC off-
board DC Level 1

PV to PHEVs with the
power conditioned by
DC/DC converters

To charge fleet
based electric
vehicles such as
golf carts, campus
commute vehicles
etc. Charging bat-
teries in battery
switch stations

Not suitable for
fast charging and
Vulnerable to
single point fault
shutdown

Distributed Ar-
chitecture

DC off-
board

Suitable for
DC Level
2 and DC
Level 3

PV to PHEVs or grid
to PHEVS or both via
DC/DC and DC/AC bi-
directional converters

Charging sta-
tions at places
such as universi-
ties, workplaces,
shopping malls
etc

High cost of in-
stallation due to
the presence of
multiple DC/DC
converters

Single Stage Con-
version with Z-
Converter

DC off-
board DC Level 1

PV PHEVs or grid
to PHEVs via Z-
converter and DC/AC
bi-directional converters

Residential charg-
ing of PHEVs

Z-converter in-
duces double line
frequency ripple
at the DC link
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2.6 Power Management Algorithms for PV Based

Charging Facilities

Workplace based photovoltaic charging facilities and residential PV charging

are the two available options for charging PHEVs using solar power. Depending

on the solar irradiation, PHEVs can be charged either from the photovoltaic or

the distribution grid or both. The solar charging station should distribute the

power available at the PV panels to the PHEVs effectively and safely. Typically

PHEVs arrive at the charging facility with different state-of-charge (SOC). More

than often, the amount of PV power available to charge multiple PHEVs is limited.

Furthermore, the PV source is stochastic in nature, its power characteristic is

nonlinear and the PHEV batteries to be charged should be within certain voltage

and current limits. Therefore, this process necessitates intelligent control of the

power conditioning unit to manage the direction of power flow in PV integrated

charging stations. Several algorithms have been proposed in the literature which

differ significantly based on the type and location of the PCF. The algorithms also

differ based on the various control parameters such as PV power, load demand,

state-of-charge etc. Accordingly they can be classified as follows:

Residential Photovoltaic Charging

Battery Switch Stations

Workplace Photovoltaic Charging

2.6.1 Residential Photovoltaic Charging

Few authors [31–34] have proposed an architecture for a grid-connected resi-

dential photovoltaic system that can be used to charge PHEVs as well as to supply

the existing household loads. The control algorithms depend on the power gen-
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erated by the PV and the SOC of the PHEV battery. Raul et al. [33] proposed

a residential load coordination mechanism to charge PHEVs. Depending on the

load demand of the distribution transformers, the PHEVs can be charged using

renewable energy (PV/Wind) or the power from the grid. Each household is in-

stalled with a rooftop PV system and a small scale wind turbine. A residential

microgrid composed of rooftop panels and a biodiesel generator to charge PHEVs

and supply AC/DC household loads is described in [35]. In order to share the

load among the sources, master-slave control method is employed. The operation

of the residential microgrid depends on the PV power, load demand, SOC of the

battery storage and tariff set by the utility. Most of the PHEVs are not available

for charging during daytime at residential facilities. Hence, this process demands

for an additional component in the form of an energy storage unit in the form of

a battery bank which might not be economically attractive for an individual home

owner. Residential charging is advantageous for households with more than one

PHEV.

2.6.2 Battery Switch Stations

A PV based battery control strategy for charging multiple batteries in a solar

battery charging station (SBCS) is proposed in [36]. The architecture of the SBCS

is similar to the one shown in Figure 2.8 but the DC/DC chargers are replaced

by bi-directional switches. The proposed control strategy as described in the

flowchart shown in Figure 2.11 first charges each individual battery until they

reach the same voltage level and then charges the multiple batteries in parallel

simultaneously according to the battery charging period and the available solar

energy. This control strategy eliminates the use of multiple DC/DC converters per

battery connection, making the SBCS less complicated and economical. Though

being economical, the proposed architecture does not consider the scenarios when
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the PV panel is not generating any power or generating power in excess. Hence

it cannot be considered for charging PHEVs. A PV-based battery switch station

(BSS) is proposed in [37]. The energy exchange strategy depends on the battery

swapping demand of the PHEVs and power generated by the PV. An algorithm

is proposed to charge EV batteries using the maximum energy from PV.

Start

Sort the charging priority 

according the SOC/VBattery

Set Priority K = 1

Charge the Kth Priority 

Battery

Is

SOC(K)>SOCth

?

Priority K = K + 1

Is 

K > N 

?

Charge all N Batteries 

Simultaneously 

All 

SOC >= 100 % 

?

END

Yes

Yes

Yes

No

No

No

Figure 2.11: Control strategy for the proposed solar battery charging station.

2.6.3 Workplace Charging

In few cases, authors have proposed the idea of inserting a DC/DC bat-

tery charger at the DC link of the grid-connected PV system. By measuring the

power generated by the PV and the power demand of the PHEV, the control al-

gorithm ensures the charging of the PHEV battery from the appropriate source

as described in [38]. Based on the imbalance between the PV power and the load
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demand, various scenarios are described. In case of [39], the power flow in a PV

parking lot is managed through a set of computer controlled relays. PV panels

of different ratings are interfaced with EV chargers and the power grid through

computer controlled relays. Depending on the irradiation levels, the relays direct

the entire PV power to the EVs or the grid or both. Hamilton et al. [25] & [26] pro-

posed an extension to this method for a modular DC PV charging station. Several

PV panels are interfaced with the DC bus through a set of DC/DC converters.

The DC/DC converter intelligently controls the power flow to the PHEVs based

on a certain preset limits of the DC bus voltage. Based on the preset limits the

energy conversion unit facilitates three-way energy flow among the power grid,

PV modules and PHEVs.

The concept of DC bus signaling has been proposed by several authors to

schedule power to DC loads in a microgrid [40–44]. Few of them have extended

this concept to charge PHEVs in a microgrid environment [43,44]. A smart charg-

ing station architecture integrated with PV power is proposed in [43] and [44].

The smart charging station can operate in standalone mode and grid-connected

mode. The switching between various modes is facilitated by the variation in

DC link voltage levels induced due to the change in solar insolation. During the

period of low solar insolation and peak load on distribution transformer, the con-

troller shifts the charging of PHEVs to non-peak period. The proposed control

algorithm is simple as it involves only a single parameter i.e. DC link voltage

to manage the direction of power flow in the charging station. It facilitates the

charging of PHEVs using minimum energy from the grid without any adverse

impacts on the distribution transformer. Flowchart describing the controller logic

is shown in Figure 2.12. The following sections explain the concept of DC link

voltage sensing and its application for control and management of PV powered

charging facilities.
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Figure 2.12: Flowchart describing the controller logic based on DC link voltage
sensing.

2.7 Concept of DC Link Voltage Sensing

The elements and devices in the proposed architecture shown in Figure 1.4 of

Chapter 1 can be summarized into three categories, i.e., an energy generation unit,

an energy storage unit, and loads and hence the configuration can be considered

as a typical case of DC microgrid with renewable generation and energy storage.

The primary requirement for DC microgrid operation is to maintain the common

DC bus voltage within an acceptable range. The terminals within a microgrid

can be generally categorized into four types: generation, load, energy storage

unit (ESU), and grid-connection using voltage-source converters (VSCs). These

four types of terminals can be further divided into two groups in terms of their

contribution to system control and operation which are the power terminal and

the slack terminal [45].
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A power terminal is the one which outputs or absorbs power to/from the mi-

crogrid on its own and usually does not take the system’s need into account. Typi-

cal examples would be variable DC loads (PHEVs) and nondispatchable (variable)

generation, such as wind turbines and photovoltaic based generations, when op-

erating purely according to environmental conditions. Conversely, a slack termi-

nal is the one which is responsible for balancing the power surplus/deficit caused

by power terminals and maintaining stable system operation. Typical examples

include a grid-connected VSC terminal (G-VSC) and ESU when they are actively

supporting the DC microgrid system.

As previously described, different measures shall be taken by each terminal

according to the system operating conditions, thus a fast and reliable scheme for

acknowledging system operation status is essential. Apart from using as commu-

nication means, DC link voltage is a good indicator of the system’s operational

status.

DC 

SIDE

AC 

SIDE

PDC PAC

VDC

PC

Figure 2.13: Equivalent circuit of the DC bus.

The simplified equivalent circuit of the DC bus is shown in Figure 2.13,

where PDC and PAC represent the total power on the DC side and the AC side of

the DC bus respectively.
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From Figure 2.13, the charging power of the DC capacitor is

PC = PDC − PAC (2.1)

and for the DC voltage

Vdc
dVdc

dt
=

1
C
(PDC − PAC), (2.2)

where C refers to the total DC capacitance value.

From Equation 2.2, it can be inferred that a constant DC voltage indicates

a balanced power flow among all the terminals, and a rising or dropping DC

voltage indicates power surplus or deficit, respectively. Since the DC voltage can

be used as an effective indicator of power-flow status, the control scheme of the

proposed charging facility can be designed according to DC voltage variation. The

operational voltage range can be divided into several levels. Based on the voltage

level the charging facility has several modes of operation which are subsequently

described in detail in Chapters 3 and 4.

2.8 Grid Integration Issues

Although there are many benefits related to the grid integration of PHEVs,

increasing the number of PHEVs may impact power distribution system dynam-

ics and performance due to the overloading of transformers, cables, and feeders.

As discussed in Section 2.4 these issues can be resolved by charging facilities inte-

grated with PV power. The ability of PHEVs to assist the integration of renewable

energy sources into the existing power grid (and vice versa) though is potentially

the most transformative impact on the electricity system [46], [47]. Several studies

revealed that the integration of PV solar systems into the electric power grid is

pretty mature and practically viable [48].
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The existing power grid suffers from unpredictable and intermittent supply

of electricity from the PV source. The power available from PV can be very high

(more than the power demand) or very low (less than the power demand) de-

pending on the available solar insolation. If the energy injected to the grid from

PV is too high, centralized power plants must decrease their production to restore

balance or the distributed generator units must be curtailed. By utilizing the con-

cept of V2G (vehicle-to-grid) PHEVs can help match consumption and generation

by discharging and charging so the utility does not need to decrease the power

output. PHEVs can also act as a buffer and store excess power generated by PV

source. This stored energy can be used for driving needs or to provide power to

the grid at a later time. Thus Grid integration of PHEVs increases the flexibility

for the grid to better utilize intermittent renewable sources.

Though the concept of V2G is being promoted as a superior concept in a

smart grid environment, there are also some impediments and barriers to V2G

transition. Some of the biggest challenges are battery degradation and the imple-

mentation of a reliable two- way communication infrastructure for coordinating

large number of distributed energy resources and PHEVs [49]. On the other hand

the concept of integrating PHEVs within a photovoltaic system can be simpler and

easier to deploy. The high voltage DC bus present between the maximum power

point tracker and the inverter provides a convenient point for the integration of

DC/DC PHEV chargers as shown in Figure 2.9 [50]. This function of integrating

the PHEV chargers at the high voltage DC bus can be named as vehicle-to-DC

link (V2DC). In addition to providing fast charging a V2DC system is capable of

offsetting the sudden fluctuations of the PV power due to clouding conditions,

thereby reducing the rate of change of inverter output power to a level below the

ramp rate of existing grid resources [51,52]. Thus network of PCFs located at ap-

propriate points on the distribution feeder ensure that PHEVs are being charged
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from clean, renewable energy. From the perspective of grid operator’s, reduced

variability of PV output power translates to reduced spinning reserve require-

ments and greater grid stability, especially on grids with high penetrations of PV

source.

2.9 Recent Advancements

Realizing the benefits of charging PHEVs using solar power, several research

institutes, government organizations and universities are embarking on initiatives

to integrate solar photovoltaic and PHEVs. Companies such as SolarCity, onesun-

inc and Merit Solar are promoting the installation of PCFs at residential and com-

mercial parking garages [53–55]. Several demonstration projects are underway at

many places to setup PV powered charging stations. With the financial assistance

from DOE (Department of Energy), ORNL (Oak Ridge National Laboratory) has

teamed up with TVA (Tennessee Valley Authority), EPRI (Electric Power Research

Institute) and Nissan to install 125 solar-assisted charging stations across the state

of Tennessee [56, 57].

5 

ORNL Inverter 

ORNL Battery 

Solar:  The 47kW ORNL solar canopy is outfitted with 210 Sharp ND-224UC1 
modules rated at 224 W each.  The modules are composed of multi-crystalline silicon 
solar cells, with a module efficiency of 13.74%.  The solar canopy measures 
approximately 235 by 20 feet in plan and is tilted 10 degrees toward the south.  The 
structure is a moment-resisting frame constructed of rectangular hollow structural 
sections. 

 

ORNL Solar-Assisted EV Charging Station 

Fourteen single column frames spaced at 18 feet support 
tubular steel purlins and the standing seam metal roof to 
which the solar photovoltaic (PV) modules are attached.  
The solar PV modules are electrically connected in series 
strings of 14 modules each to produce 600 V DC, for 
optimum performance with the DC to AC inverter.  Fifteen 
such series strings are connected in parallel at three Solar 
BOS circuit combiners to produce 75 amps at full 

nameplate rating. 

The three combiners 
feed a PV Powered 50 
kW inverter.  The 
inverter converts the 600 
VDC to 208 VAC 3-
phase at ~96% 
efficiency.  The AC voltage is increased by a 
transformer and feed onto the ORNL power grid. 

 Battery:  The ORNL solar-assisted EV charging 
station is equipped with a 40-battery bank.  The 
batteries are model VRS12-175F as manufactured by 
C&D Technologies, Inc.  Each valve-regulated lead 
acid deep cycle battery consists of six cells and is 
rated at 175 amp-hours (20-hour rate to 1.75 V per 

Figure 2.14: ORNL solar-assisted EV charging station [56, 57].
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Currently ORNL has installed 25 solar powered charging stations in their

campus. One such facility is shown in Figure 2.14. Each charging station is

equipped with 47 kW array which provides enough energy annually to offset

the electricity required to drive 25 Nissan Leafs almost 10,000 miles per vehicle

per year. The EVSEs (electric vehicle supply equipment), solar PV inverters, and

the battery charger/inverter units are all internet-connected. The data collected

is necessary for analysis and interpretation with regard to vehicle performance,

maintenance, and operational issues. EPRI has developed a 10 space Smart Modal

Area Recharge Terminal Station (SMART) that incorporates a photovoltaic array

(PV) with battery storage for PHEV charging [58]. The Results from this develop-

ment can be used as the basis for continuing efforts to deploy a number of solar

powered public charging stations . Understanding how the public will interact

with this new infrastructure can allow future deployment of charging hardware

in a way that best meets the needs of the driving public-while doing so in a

cost-effective manner.

2.10 Summary

To mitigate the loading on distribution transformers due to PHEV charging,

smart charging strategies coupled with renewable energy resources are neces-

sary. This chapter presented a detailed review of the integration of PHEVs and

PV systems into the existing power grid. It has been observed that charging

PHEVs using rooftop PV system would minimize the distribution transformers

loss-of-life. Several power electronic topologies for PV based charging stations

are presented and compared. Distributed architecture seems to be the best op-

tion for installing PCFs at workplaces, shopping malls, universities etc. as it is

less vulnerable to faults on the distribution system and also facilitates fast charg-
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ing. The study of various PV based charging facilities has shown that intelligent

control of power conditioning unit is imperative for managing the power flow in

PCFs. Several control algorithms are investigated and flowcharts depicting the

controller logic are presented. Since the architecture of the PCF appears as a DC

microgrid, by employing the concept of DC link voltage sensing its operation can

switch between standalone mode and grid-connected mode.
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Chapter 3 PV Integrated Smart Charging

of PHEVs Based on DC Link Voltage

Sensing

This chapter presents the architecture and control of a workplace-based charg-

ing facility integrated with a photovoltaic (PV) system. The power needed to

charge the plug-in hybrids comes from grid-connected PV generation or the util-

ity or both. A scaled down version of the proposed architecture is implemented

in the laboratory environment covering all the modes of operation that are sup-

ported with both, theoretical explanations and experimental results. This chapter

shows how the concept of DC link voltage sensing is contemplated for energy

management in a PV integrated charging facility.

3.1 Introduction

The ongoing research in the field of plug-in hybrid electric vehicles (PHEVs)

and the growing global awareness for a pollution free environment, will lead to

an increase in the number of PHEVs in the near future. The proliferation of these

PHEVs will add stress to the already overloaded U.S. grid creating new chal-

lenges for the distribution network. Though it is always advantageous to charge

the PHEVs during night time there will be considerable PHEV load during the

day and even during the hours of peak demand [59]. Transmission and distribu-

tion systems can be upgraded to meet the peak demand but this may result in

capacity surplus during normal operating conditions. There is also a potential

risk of night-charging challenge as the TOU (time-of-use) pricing is designed to

discourage charging during the daytime. This would overload the distribution
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transformers which are otherwise designed to cool overnight. Though installing

transformers with higher power rating would solve the problem, it is a rather

expensive option. Hence, it’s time to develop charging station infrastructure cou-

pled with smart charging strategies which can reduce the stress imposed on the

grid. One way is to use renewable energy resources to charge the PHEVs. Photo-

voltaic systems would be the best choice among the available options because of

the following reasons:

• The PVs can be installed on the roof top of a commercial parking lot for

charging PHEVs during peak time as they can be made dispatchable by

employing external storage units. This improves the energy efficiency of the

utility as the PHEV load during peak time is reduced.

• PV technology is expected to be practical and cost - effective at the kW

scale and as a result it is a good candidate for grid-connected photovoltaic

charging stations [60], [61].

A review of the literature suggests that research on PHEV charging and their

impact felt on the grid is being carried out around the world with keen interest.

Many pilot ventures on PV charging stations are also being undertaken [62]. In

most of the cases AC charging is employed because AC system has been used for

years and there are well developed standards and technologies. DC charging on

the other hand increases the overall efficiency by reducing the number of power

conversion stages and also offers the advantage of fast charging [25, 63, 64]. As

shown in Figure 3.1, PHEVs are directly connected to the DC link by employing

a DC/DC buck converter. The proposed architecture is an effective solution for

charging PHEVs using a photovoltaic system.

Several DC charging station architectures have been proposed by the re-

searchers [26, 65, 66]. In case of [65] the control of the individual electric vehicle
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charging processes is decentralized, while a separate central control deals with

the power transfer from the AC grid to the DC link. The authors conclude that

DC fast charging of multiple EVs is possible but the impact of fast charging on

the grid and ways to eliminate or reduce the stress on the grid are not discussed.

An intelligent energy management system (IEMS) is proposed in [67]. The

IEMS allocates power to the vehicle battery chargers through real time monitor-

ing, to ensure optimal usage of available power, charging time and grid stability.

However, control and architecture of the power electronic interface needed to im-

plement the IEMS is not discussed.

In reference [26] the authors proposed a plug-in hybrid electric vehicle (PHEV)

solar carport charging station concept featuring a multi-port power electronic

interface connecting photovoltaic modules, PHEVs, and the power grid. Refer-

ence [25] proposes a solar carport with direct DC/DC interface to increase the

overall efficiency. Though both the above papers deal with energy conversion

systems featuring three-way energy flow involving the power grid, PV modules,

and plug-in hybrid vehicles, the paper did not implement smart charging tech-

niques to reduce the impact on distribution transformers.

The concept of DC bus signaling (DBS) has been employed to supply power

to the DC loads. DBS induces DC bus voltage level changes to realize the commu-

nications between different source/storage interface converters [41], [40]. Though

DBS is a novel idea it does not take the change in sun’s insolation into consid-

eration which in turn impacts the DC bus voltage level. In [43] the DC link

voltage level changes due to the change in sun’s insolation but the feasibility of

the proposed control strategy was not validated experimentally. This dissertation

validates the practical feasibility of the proposed control strategy in [43] through

experimental results using a laboratory prototype. The change in irradiation of

the sun induces changes in the DC link voltage level. Based on the change in
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DC link voltage level and the loading condition of the distribution transformer

the operation of the charging station can be categorized into four modes: grid-

connected rectification, PV charging and grid-connected rectification, PV charging

and grid-connected inversion.

3.2 Significance of the Proposed Charging Station

It is predicted that there will be one million plug-in hybrid electric vehicles

on the road by the year 2015 [68], [69]. This will add extra load to the already over-

loaded U.S grid. Extensive research on design and implementation of a smarter

grid is going to play an important role in the integration of PHEVs to the existing

electric power system [70]. Smart grid technologies may be a solution to manage

the charging rates and time scheduling of the PHEVs which have a significant

impact on the system load curve. A PHEV with smart or controlled mid-day

charging may provide overall improved vehicle performance, increasing the drive

time traveled using low cost electricity and potentially reducing the size of the

battery [71].

The proposed charging station will charge the PHEVs from the photovoltaic

system, thus reducing the stress on the grid. When the grid is at peak demand and

solar power is insufficient to charge the PHEVs then the charging station would

enable vehicle charging to be delayed or temporarily interrupted. The charging

station also includes an energy storage unit (ESU) which consists of a battery

bank to store energy during off-peak hours. The control of the charging station is

based on the change in DC link voltage level due to the change in irradiation of

the sun. The proposed control method is simple and unique.

The goal of the proposed architecture is: to charge the PHEVs using min-

imum energy from the utility with a kind of demand side management to im-
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prove the energy efficiency. Smart charging techniques like the one proposed in

this chapter will be required to avoid major expense to upgrade the transformers

and other substation equipment [72–74]. Also, according to the data gathered by

National Household Travel Survey, 60% of vehicles are parked at the workplace

for more than 4 hrs [75]. In view of this, the proposed charging station will be

appropriate for parking facilities at a workplace.

3.3 Architecture of the Charging Station

Figure 3.1 shows a detailed block diagram of the proposed charging sta-

tion architecture. The main components of the charging station are the power

conditioning unit (PCU), photovoltaic array, energy storage unit (ESU) and the

controller. The PCU consists of a DC/DC boost converter which also performs

the function of maximum power point tracking (MPPT), a DC/DC buck converter

with battery management system embedded in the controller, an energy storage

unit (ESU) and a DC/AC bi-directional grid tied converter. The ESU will support

the charging of PHEV when there is no power available either from the grid or

the PV system. The battery pack in the ESU can be charged from the grid during

off-peak hours.

The block diagram in Figure 3.1 and the following control description is

based on charging requirements of a single PHEV. Multiple PHEVs can be charged

by increasing the corresponding ratings of the charging station components like

the PV panels and the associated power converters. Each PHEV must have a

separate buck converter installed for each charge point.

The controller monitors and controls the power flow in the system. As shown

in Figure 3.1 the controller operation is based on eight inputs. VDC−link, SOC and

IDTR are used to determine the direction of power flow. VPV and IPV are used
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Figure 3.1: Detailed circuit configuration of the proposed architecture.

to implement MPPT by means of incremental conductance algorithm. VDC−link is

the magnitude of the voltage at the DC link, VB is the detected battery voltage

of the PHEV which is the measure of state-of-charge (SOC). IDTR is the loading

condition of the distribution transformer, Iboostsw is the current flowing through

the boost switch, I f dbk is the current delivered by the DC/AC converter to the

grid, VPV is the voltage across the PV array and IPV is the current flowing from

the PV array.

Based on the control signals the controller performs the following tasks:

• Controls the DC/DC boost converter to extract the maximum power from

the PV emulator by implementing the incremental conductance algorithm.

• Manages the charging of the PHEV by monitoring its state-of-charge (SOC).
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The controller disconnects the buck converter from the PHEV based on the

loading of distribution transformer and the state-of-charge (SOC) of the bat-

tery.

• Generates PWM signals at 20 kHz to facilitate the switching of the inverter

switches. PWM signals at high switching frequency ensures a sinusoidal

voltage at the inverter output.

• The controller changes the modes of operation based on the DC link voltage.

Based on the change in DC link voltage the converters are controlled to

manage the direction of power flow in each mode.

3.4 Control Algorithm and Modes of Operation

The control of the PCU is based on DC link voltage sensing and the switching

between various modes of operation occurs due to the change in the voltage level

at the DC link. From Figure 3.2, the instantaneous power relationship in a grid-

connected PV system is given by

pdc(t) = pESU(t) + pc(t) + pPHEV(t) + pac(t), (3.1)

where Pdc is the output power of the DC/DC converter on the DC side, PESU is

the power delivered to (or by) the ESU, Pc is the power to the DC link capacitor,

PPHEV is the power consumed by the plug-in hybrid electric vehicles, and Pac is

the power extracted by the inverter on the AC side. The instantaneous AC power

(output of the inverter) can be written as

Pgrid(t) = (Vmsinωt)(Imsinωt) and

=
Vm Im

2
− Vm Im

2
cos2ωt,

(3.2)

where Pgrid is the power injected into the grid, Vm is the amplitude of the phase
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Figure 3.2: Grid-connected PV system.

voltage and Im is the amplitude of the grid current. The AC power includes a DC

term and a second-order ripple in the DC voltage. The average input power to

the AC side can be written as

PAC = VDC IAC, (3.3)

where IAC is the average input current on the DC side of the inverter. Equating

the average power on the DC side to the DC term on the AC side

Vm Im

2
= ηVdc IAC, (3.4)

where η is the efficiency of the inverter. If Vdc and V(dc(re f )) are the actual and

reference values of DC link voltage, respectively, the change in energy (∆Edc)

stored in the DC link capacitor Cdc can be written as

∆Edc =
Cdc
2

(V2
dc(re f ) −V2

dc). (3.5)

To inject the PV power to the grid while maintaining a constant Vdc, the following

energy balance should be satisfied as

∆Edc = T(pdc − pESU − pPHEV −
Vm Im

2η
), (3.6)
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where T is the time period of AC supply.

Combining Equation 3.5 and Equation 3.6

V2
dc = V2

dc(re f ) −
2T
Cdc

(pdc − pPHEV) +
2T
Cdc

pdc +
2T

Cdcη
Vm Im, (3.7)

Vdc =

√
V2

dc(re f ) −
2T
Cdc

(pdc − pPHEV) +
2T
Cdc

pdc +
2T

Cdcη
Vm Im, and (3.8)

Vdc =

√
V2

dc(re f ) −
2T
Cdc

(ηboost ppv − pPHEV) +
2T
Cdc

pdc +
2T

Cdcη
Vm Im, (3.9)

where ηboost is the efficiency of the DC/DC converter on the DC side.

From Equation 3.9, it is clear that the fluctuations in PV power due to the change

in solar irradiance causes variations in the DC link voltage. For a workplace-based

charging facility PHEVs can be assumed to stay in the parking lot from morning

till evening. Hence the variation in PHEV load is not considered.

Also from Equation 3.6, the charging power of the DC capacitor can be written as

pc = pdc − pESU − pPHEV −
Vm Im

2η
, (3.10)

1
2

CV2
dc = pdc − pESU − pPHEV −

Vm Im

2η
, and (3.11)

CVdc
dVdc

dt
= pdc − pESU − pPHEV −

Vm Im

2η
. (3.12)

From Equation 3.12, it can be inferred that a constant DC voltage indicates

a balanced power flow among all the terminals, and a rising or dropping DC

voltage indicates power surplus or deficit, respectively. Since the DC voltage can

be used as an effective indicator of power-flow status, the control scheme of the

proposed charging facility can be designed according to DC link voltage variation.

Assuming the PHEV demand to be constant over a period of time, the variation
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in DC link voltage occurs only due to the fluctuation in solar insolation. The

operational voltage range can be divided into several levels. Based on the voltage

level the charging facility has several modes of operation.

Figure 3.3 shows the variation in the DC link voltage and the power from the

PV array with step changes in irradiation. A PV panel of rating 5.5kW was mod-

eled in Matlab taking the battery capacity of a single PHEV into consideration.

The reference voltage levels have been chosen based on the relation between DC

voltage and output AC voltage of a single-phase pulsewidth modulation (PWM)

inverter which is given by

VM = kVdc, (3.13)

where

VM = Peak value of the fundamental voltage on the AC side;

k = Modulation index of the PWM inverter;

Vdc = the nominal DC link voltage.

As per the above equation the nominal DC link voltage (VDC−Link) is chosen

as 400 V considering the RMS output voltage to be 208 V and a modulation

index of 0.8. The reference voltage levels vary based on the nominal voltage and

operation requirements of the charging facility. So far, the standardizations of DC

grid requirements such as the optimal voltage level and the tolerance band of DC-

bus voltage have not been commonly established in spite of its well-recognized

operations with higher efficiency and better compatibility. Different DC voltage

tolerances are defined in [40, 41] for low and medium voltage DC microgrids,

respectively. Based on the above references, the threshold voltage levels have been

chosen as VDC−1 = 360 V, VDC−Link = 400 V and VDC−2 = 440V as shown in Figure

3.3. The modes of operation of the charging station are classified depending on
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the change in the DC link voltage. As the DC link voltage is the only criteria for

switching between various modes the overall complexity of the system is reduced.
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Figure 3.3: Change in the DC link voltage and Power generated by the PV with
the change in sun condition.

3.4.1 Modes of Operation

Based on the threshold values defined in the previous section the operation

of the charging station can be categorized into three modes: Mode - 1 (grid-

connected rectification), Mode - 2 (PV charging with grid-connection), and Mode

- 3 (grid-connected inversion). A set of variables IDTR, IDTR−max, VDC−1, VDC−Link,

VDC−2, VB and VBH are used to describe the modes of operation.

IDTR represents the distribution transformer load and IDTR−max represents

the peak load condition of the transformer. VDC−link is the voltage at the DC link.

VDC−1 and VDC−2 are the chosen reference voltage levels of the DC link. VB is the
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detected battery voltage of the PHEV. VBH is the battery voltage corresponding

to the threshold value of the state-of-charge. The charging of PHEV should be

terminated once the battery voltage VB is equal to VBH. Figure 3.4 shows the

direction of power flow during various modes of operation of the charging station.

PV 

Array
DC/DC DC/AC

DC/DC PEV

(a) Grid-rectification

PV 

Array
DC/DC DC/AC

DC/DC PEV

(b) PV charging and grid-rectification

PV 

Array
DC/DC DC/AC

DC/DC PEV

(c) PV charging

PV 

Array
DC/DC DC/AC

DC/DC PEV

(d) Grid-inversion

Figure 3.4: Direction of power flow during the operation modes.

The four modes of operation are described as follows:

Mode 1 : VDC−link < VDC−1 : Grid-connected rectification

Case-1 : VDC−link < VDC−1 and IDTR < IDTR−max

In this mode the power generated by the photovoltaic system is less than the

PHEV load demand either due to low radiation or bad weather conditions. As

the grid is at off-peak, it continues to supply power till the vehicle is completely

charged. The controller terminates the charging of PHEV by disabling the DC/DC

buck converter when VB exceeds VBH and the grid supplies power to charge the

battery pack in the ESU. Figures 3.4 (a) and (b) represent the direction of power

flow in the charging facility during this mode.

Case-2 : VDC−link < VDC−1 and IDTR ≥ IDTR−max

This mode is similar to Case-1 but with an increase in local demand on the

distribution transformer. In order to reduce the stress on the grid, the charg-
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ing of PHEV is terminated temporarily by de-activating the grid-connected bi-

directional DC/AC converter. As the distribution transformer is relieved from

the additional burden of charging the PHEV, it can continue supplying power to

the local loads during the peak time. During this period the PHEV can be charged

by the ESU if the stored energy is sufficient to cater the needs of PHEV charging.

Once the grid is back to off-peak condition (i.e. IDTR < IDTR−max) the charging of

the PHEV is restored and the controller monitors its charging.

Mode-2 : VDC−1 ≤ VDC−link ≤ VDC−2 : PV charging with grid-connection

In this mode the charging facility operates either as a grid-connected (rec-

tification or inversion) or a standalone system. The charging facility shifts its

operation between different modes based on the current command generated by

the inverter control which is explained in the next section. A negative reference

current command indicates the operation of the charging facility in rectification

mode while a positive reference current command shifts the operation to grid-

inversion mode.

The charging facility operates as a standalone system when the reference

current command is zero. If at any point IDTR exceeds IDTR−max the bi-directional

DC/AC converter is isolated from the grid. The PV system continues charging

the PHEV where as the grid caters to the peak load demand. It is also possible

to halt the charging of the PHEVs temporarily so that the charging facility can

operate as a normal grid-connected PV system and support the grid during the

peak load demand period. Figures 3.4 (b), (c) and (d) represent various directions

of power flow possible during this mode.

Mode-3 : VDC−link > VDC−2 : Grid inversion mode

The PV array generates excess power once the DC link voltage exceeds VDC−2

( = 440V) as shown in Figure 3.3. This additional power generated by the PV array

is sent to the grid via the bi-directional DC/AC converter. Once the PHEVs are
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charged, all the power from the PV source is sent to the grid. The direction of

power flow during this mode is shown in Figure 3.4 (d).

3.5 Stability Analysis and Controller Design

3.5.1 Small Signal Modeling of DC/DC Boost Converter

The boost converter is intended to control the PV voltage in order to track

the maximum power point (MPP). In order to design a controller to obtain the

required steady-state and transient response, the power stage of the DC/DC con-

verter can be linearized using state-space averaging method [76]. The boost con-

verter can be described by nonlinear state-space-averaged equations as

L
dîL

dt
= v̂in(t)− (1− D)v̂o(t) + Vod̂(t) and (3.14)

C
dv̂o

dt
= (1− D)îL(t)− ILd̂(t)− v̂o(t)

R
. (3.15)

From the above equations the control to output transfer function is obtained

in Laplace domain as

v̂o(s)
d̂(s)

=
(1− D)Vo − (LIL)s

(LC)s2 + L
R s + (1− D)2

, (3.16)

where v̂in, v̂o, îL and d̂ denote the average values of the input voltage, the output

voltage, the inductor current and the duty cycle of the switching for the boost

converter, respectively.

The DC link voltage is kept constant at 400 V by the DC/AC grid-side volt-

age source converter (G-VSC). The inductor ripple current (∆IL) is considered to

be 10% of the maximum output current and the output voltage ripple (∆Vo) is

considered to be smaller than 0.5% of the maximum output voltage. Based on the
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above requirements the values of inductance (L) and capacitance (C) are chosen

as 12.5 mH and 0.75 mF for a switching frequency of 10 kHz. Substituting the

values of L and C in Equation 3.16 the transfer function is obtained as

v̂o(s)
d̂(s)

=
200− 1.2s

(9.375× 10−6)s2 + 0.48s + 0.25
. (3.17)

Figure 3.5 shows the bode plot representation for the uncompensated boost

converter.
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Figure 3.5: Bode plot for uncompensated boost converter.

3.5.2 Small Signal Modeling of DC/DC Buck Converter

The DC/DC buck converter functions as the charging circuit and controls

the charging rate of the PHEVs. The inductor current and the capacitor voltage
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of the small signal AC model of the buck converter are given as

L
dîL

dt
= Dv̂in(t)− d̂(t)Vin and (3.18)

C
dv̂o

dt
= − v̂o(t)

R
D. (3.19)

The output voltage variation v̂o(t) can be expressed in laplace domain as

v̂o(s) = Gvd(s)d̂(s) + Gvd(s)v̂in(s). (3.20)

The first term represents the control to output transfer function while the second

term represents the line to output transfer function. The transfer function of

Gvd(s) and Gvg(s) can be defined as

Gvd(s) =
v̂o(s)
d̂(s)

(3.21)

and

Gvg(s) =
v̂o(s)
v̂in(s)

. (3.22)

The control to output transfer function required for the stability analysis of

DC/DC buck converter is represented as follows:

Gvd(s) =
Vin

LCs2 + L
R s + 1

and

=
Vo

D(LCs2 + L
R s + 1)

.
(3.23)

Since the buck converter is connected across the DC link the input voltage

is constant at 400 V. The inductor ripple current (∆IL) is considered to be 10% of

the maximum output current and the output voltage ripple (∆Vo) is considered

to be smaller than 0.5% of the maximum output voltage. Based on the above

requirements the values of inductance (L) and capacitance (C) are chosen as 5
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mH and 0.5 mF for a switching frequency of 10 kHz. Substituting the values of L

and C in Equation 3.23 the transfer function is obtained as

v̂o(s)
d̂(s)

=
400

(2.5× 10−6)s2 + (5.5× 10−5)s + 1
. (3.24)

Figure 3.6 shows the bode plot representation for the uncompensated buck con-

verter.
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Figure 3.6: Bode plot for uncompensated buck converter.

3.5.3 Small Signal Modeling of DC/DC Buck-Boost Converter

Since the battery has a relatively large time constant, it can be modeled as a

constant voltage source in small signal analysis. The average state-space model

of the battery converter could be defined by the following equations

dîbatt(t)
dt

= (
1− D

L
)v̂o(t) +

D
L

Vbatt and (3.25)
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dv̂o(t)
dt

= (
1− D

C
)îbatt(t)−

1
C

îo(t). (3.26)

The control to output transfer function of the converter can be expressed by

v̂o(s)
d̂(s)

=
Vo(1− D)

LCs2 + (1− D)2 . (3.27)

The ESU supports the charging of PHEVs during extreme conditions such

as low solar insolation and peak demand on the distribution transformer. Using

a bi-directional buck-boost converter, the battery voltage can be kept lower as

compared to nominal DC link voltage (400 V) and hence fewer batteries need to

be connected in series. In the proposed system a 100 Ahr battery with a nominal

voltage of 100 V is selected as the ESU. Following the similar requirements as

specified for the DC/DC converters as modeled above the values of L and C are

obtained as 7.5 mH and 0.5 mH. Substituting these values in Equation 3.27 gives

v̂o(s)
d̂(s)

=
200

(3.75× 10−6)s2 + 0.25
. (3.28)

Figure 3.7 shows the bode plot representation for the uncompensated buck con-

verter.

3.5.4 Control Description

A. DC/DC Boost Converter

The control method for DC/DC boost converter is summarized in Figure

3.8. A single phase boost stage is used to boost the PV voltage and track the

MPP of the panel. To track the MPP, input voltage (VPV) and input current

(IPV) are sensed. The two values are then used by the MPPT algorithm.

The MPPT is realized using an outer voltage loop that regulates the input
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Figure 3.7: Bode plot for uncompensated buck-boost converter.

voltage i.e. panel voltage by modulating the current reference for the inner

current loop of the boost stage.

Two 2-pole 2-zero controllers, GV(S) and GI(S) are used to close the inner

DC/DC boost current loop and the outer input voltage loop. MPPT algo-

rithm provides reference input voltage, VMPPT to the boost stage to enable

MPPT

VMPPT = func(VPV, IPV)
GV(S) Gi(S) PWM

VMPPT
Iboostsw_Ref

VPV

To 

Boost

Iboostsw

VPV

IPV

Figure 3.8: Control diagram of DC/DC boost converter.

panel operation at maximum power point. The sensed input voltage is com-

pared with the voltage command (VMPPT), generated by MPPT controller,
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in the voltage control loop. The voltage controller output, Iboostsw_Re f is then

compared with the output current (Iboostsw) feedback in the current con-

troller. The current loop controller output determines the PWM duty cycle

so as to regulate the input voltage indirectly.

B. DC/AC Inverter

The control method for grid-connected DC/AC converter is shown in Fig-

ure 3.9. This stage uses two nested control loops – an outer voltage loop and

an inner current loop. VDC is the reference voltage for the DC link, VDC−link

is the detected DC link voltage, Vgrid is the voltage at the secondary of the

distribution transformer, θ is the grid phase angle, IRe f is the reference cur-

rent for the DC/AC converter generated by the voltage loop and I f dbk is the

current fed into the grid by the DC/AC converter.

PWMPLL Gi(S)

GV(S)

Vgrid

VDC-link

VDC

IRef

Ifdbk

To Invertersinθ

I
*
INV

Figure 3.9: Control diagram of DC/AC Inverter.

Two PID controllers, GV(S) and Gi(S) are used to close the outer voltage

loop and the inner current loop. The voltage loop generates the reference

command (IRe f ) for the current loop as increasing the current command

will load the stage and hence cause a drop in the DC link voltage. The sign

for reference and the feedback are reversed. The current command is then

multiplied by the AC angle to get the instantaneous current reference. Since

the inverter is grid-connected the grid angle is provided by the phase locked

loop (PLL). The instantaneous current reference is then used by the current

compensator along with the feedback current (I f dbk) to provide duty cycle

for the full bridge inverter.
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C. DC-DC Buck Converter

The control method for DC-DC buck converter for PHEV charging is based

on VB,VBH, IDTR and IDTR−max as shown in Figure 3.10 . VB is the detected

battery voltage, VBH is the battery voltage corresponding to 95% SOC. IDTR

is the load on the distribution transformer and IDTR−max represents the peak

load condition. The control mode is determined by the detected battery volt-

age of the PHEV and the loading condition of the distribution transformer.

The charging of the PHEV is turned off once the battery voltage reaches VBH

or the distribution transformer reaches the peak load condition.

PIVBT

VB

PI
IBUCK_ref

IBUCK

PWM
To 

Buck

If

IDMD>IDMD-max

IDMD-max

Yes

No

Input = 0

Input = 1

Figure 3.10: Control diagram of DC/DC buck converter.

3.6 Simulation Studies

In order to validate the proposed control algorithm simulations were done

in Matlab Simulink using the simpowersystems toolbox. The reference DC bus

voltages i.e. VDC−1, VDC−Link and VDC−2 are set at 360 V, 400 V and 440 V. The

reference DC link voltage levels are selected based on a training mode wherein the

PHEV load is kept constant and the solar irradiation is allowed to vary in steps.

The values of IDMD−max and Tsoc are set at 80A (peak-to-peak) and 95%. Toyota

Prius plug-in hybrid has been chosen as the PHEV which has a total battery
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capacity equal to 4.5 kWh and nominal voltage equal to 48 V. The RMS value of

AC grid voltage is 208 V. A PV panel of rating 5.5 kW has been modeled taking

the battery capacity of the PHEV into consideration.

Figure 3.11 shows the transition of the grid from off-peak to on-peak when

the charging station is operating in Mode-1. The loading condition is accessed

by measuring the current (IDMD) on the secondary side of the distribution trans-

former. Initially the grid is at off-peak and hence the AC grid delivers the power

required to charge the PHEV and other local loads. As shown in Figure 3.11,

from 1.5 s - 2.0 s the current flowing in the secondary side of the distribution

transformer is less than 80A. With the increase in utility load at 2.0 s, IDMD ex-

ceeds 80A (IDMD−max). The charging of the PHEV is terminated when the current

flowing from the distribution transformer, IDMD exceeds IDMD−max. This is done

to reduce the stress being imposed on the AC grid during the peak time. Hence

the power consumed by the PHEV reduces to zero during the peak time as shown

in the figure.

The simulation results for the transition from grid - rectification to PV charg-

ing during Mode-2 are shown in Figure 3.12. During the initial stages the DC

bus voltage is around 360 V and the grid continues to supply the deficit power to

charge the PHEV. Once the DC bus voltage exceeds 400 V, the PV system alone

caters the charging of PHEV. The power flowing from the PV and the Power Grid

is shown in Figure 3.12. As shown in the figure, the deficit power of 1000W to

charge the PHEV is supplied by the grid during rectification and it does not sup-

ply any power during PV charging mode as the PV alone caters to the demand of

the PHEV.

The transition from PV charging to grid-inversion mode is shown in Figure

3.13. With the DC bus voltage exceeding 400V there is an increase in power flow-

ing from the PV. The PV system feeds this excess power to the grid in addition to
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Figure 3.11: Matlab Simulink outputs for transition from Mode-1 Case-1 to Case-
2. (a) DC bus voltage. (b) distribution transformer current. (c) Power
delivered to the PHEV. (d) Output voltage of the buck converter.
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Figure 3.12: Matlab Simulink outputs for transition from from grid-rectification
to PV charging. (a) DC bus voltage. (b) Voltage of the grid. (c) Power
delivered by the grid. (d) Power delivered by the PV array.
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charging the PHEV. The sinusoidal output of the DC/AC bi-directional converter

shows that it acts as an inverter in this case. In order to maintain the energy

balance the DC link voltage is kept constant at 440V. Finally Figure 3.14 shows

the termination of the vehicle charging when SOC = Tsoc.
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Figure 3.13: Matlab Simulink outputs for transition from PV charging to grid-
inversion. (a) DC bus voltage. (b) Voltage of the grid. (c) Power
delivered by the grid. (d) Power delivered by the PV array.

3.7 Experimental Verification

To verify the practical feasibility and effectiveness of the proposed control

strategies experimental tests have been carried out in the laboratory. TMS320F28035

piccolo card is used to generate all the required control signals.

Figure 3.15 shows the experimental setup of the system. The components

include the Solar Explorer Kit by TI (Texas Instruments), power pole board in

buck configuration by Hirel, an isolation transformer and a battery. The DC/DC

boost converter for the PV stage and the inverter is a part of the solar explorer
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Figure 3.14: Matlab simulink outputs for transition in state-of-the-charge. (a) DC
bus voltage. (b) State-of-charge of the PHEV battery. (c) Power deliv-
ered to the PHEV. (d) Output voltage of the buck converter.
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Figure 3.15: Experimental setup.
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kit; and the DC/DC buck converter for PHEV charging is the Power-Pole board

from Hirel. A synchronous buck-boost stage which is integrated on the board

(solar explorer kit) is used to emulate the PV panel. In the place of a PHEV a 9V

1200mAh battery is used. By changing the value of irradiation different modes of

operation are emulated. Since this is a scaled down version the DC link reference

voltage levels are chosen as VDC−1= 25 V, VDC−2 = 35 V and the nominal voltage

VDC = 30 V. The value of IDTR−max is chosen as 1.5A. Depending on the reference

voltage levels the different modes of operation are classified as follows:

Vdc−Link < 25 V – Mode - 1,

25V < Vdc−Link < 35V – Mode - 2, and

Vdc−Link > 35V – Mode - 3.

Experimental tests have been carried out in terms of steady-state perfor-

mance and transient-performance between different modes and the results are

provided below. Figures 3.16 through 3.26 explain the experimental results for

the various modes of operation.

A. Experimental Results for Mode-1

Experimental results for Mode-1 are shown in Figure 3.16. With the in-

crease in the loading of distribution transformer, IDTR increases from 1 A

to 1.5 A as shown in Figure 3.16 and accordingly the PHEV is turned off so

that the grid can cater to other loads without overloading the distribution

transformer (assuming that IDTR−max = 1.5A). The turning-off of the PHEV

is illustrated by the fact that VB and IB go to zero with the increase in distri-

bution transformer loading. This is done by generating a duty cycle of zero

for the buck converter switch. It can be seen from Figure 3.16 that the DC

link voltage is maintained at 24.7 V (u 25 V).

B. Experimental Results for Mode-2
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Figure 3.16: Experimental outputs describing the loading of distribution trans-
former in Mode-1.

Figure 3.17 shows the steady-state experimental results of Mode-2. The DC

link voltage is 29.7 V and power is drawn from both the grid as well as PV.

Current flowing from the PV, IPV (0.88A) and current flowing from the grid,

Igrid (0.3A RMS) are shown in Figure 3.17.

Experimental results for the transition between grid-rectification to PV charg-

ing during Mode-2 are shown in Figure 3.18. In the initial state, the DC link

voltage is around 25.7 V and current flows from both the PV as well as

the grid to charge the PHEV. Once the DC link voltage increases to 35.4V

(Mode-3) no power is drawn from the grid.

Figure 3.19 shows the steady-state experimental results of PV charging dur-

ing Mode-2. The DC link voltage is 29.9 V (u 30 V) and the power is deliv-

ered by the PV alone which is 10.7 W.

Figure 3.21 represents the condition when the distribution transformer gets

overloaded in Mode-2. With the overloading of distribution transformer, the
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Figure 3.17: Experimental outputs for Mode-2.
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Figure 3.18: Experimental outputs for transition from grid-rectification to PV
charging.
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buck converter is turned off (to halt the charging of PHEV) and the inverter

starts operating.

Transition from PV charging to grid-inversion during Mode-2 is shown in

Figure 3.20. With the change in DC link voltage from 28.4V to 35.4V the

bi-directional converter goes from off-state to on-state. Figure 3.22 shows

VPV = 13V

IPV = 0.82A

PPV = 10.7W

VDC-link = 29.9V

Figure 3.19: Steady-State experimental outputs for PV charging.

the turning-off of the PHEV charging when the state-of-charge reaches the

threshold value. To turn off the PHEV, the duty cycle of the buck converter

is made zero and hence VB and IB become zero as shown in Figure 3.22.

C. Experimental Results for Mode-3

Mode-3 resembles the normal operation of a grid-connected PV system.

In this case the battery has been completely charged and hence the entire

power generated by the PV is delivered to the grid.

Figure 3.23 shows the steady-state experimental results of Mode-3. The DC

link voltage is 34.9 V (u 35 V) and the output voltage of the inverter is a sine
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Figure 3.20: Experimental outputs for transition from PV charging to grid-
inversion.

VDC-link 29.4V

IDTR
1.5 A

1 A

VB 9 V

0 V

VGrid 

15V(PK-PK)
Case-1 Case-2

Figure 3.21: Experimental outputs describing the loading of distribution trans-
former in Mode-2.
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Figure 3.22: Experimental outputs describing the transition in state-of-charge.

wave. The peak-to-peak value of the inverter output voltage is maintained

at 15V irrespective of the variation in DC link voltage from 25V to 35V. This

is ensured by controlling the modulation index of the inverter. Figure 3.24

shows the experimental results of Mode-3 when the DC link voltage is 28.9V.

The sinusoidal output voltage is maintained at 15V peak-to-peak just as in

Figure 3.23 when the DC link voltage is approximately 35V.

Figure 3.25 shows the synchronization of the sinusoidal phase locked loop

(SPLL) with the AC grid voltage. A high switching frequency along with

LCL filter meets the total harmonic distortion (THD) requirements. Unipo-

lar switching strategy was followed for inverter switching and the switching

takes place at 20 kHz. The inverter switching at 20 kHz together with the

LCL filter generates a filtered single phase AC output. The total harmonic

distortion (THD) of the inverter output voltage is calculated to be 5.4% ob-

tained from the Fast Fourier Transform (FFT) shown in Figure 3.26.
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VPV = 16.1V

IPV = 0.87A

VDC-link = 34.9V

VGrid = 15V(Pk-Pk)

Figure 3.23: Steady state experimental outputs for Mode-3.

VPV = 15.6V

IPV = 0.85A

VGrid = 15V(Pk-Pk)

VDC-link=28.9V

Figure 3.24: Experimental outputs for Mode-3 with a change in DC link voltage.
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SPLL

AC Grid Voltage

Figure 3.25: Grid synchronization.

Frequency Spectrum

5.28V at 60Hz

Figure 3.26: FFT of inverter output voltage.
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3.8 Summary

This chapter presents a charging station architecture by using a combination

of photovoltaic system and smart charging strategies. A unique control strategy

based on DC link voltage sensing, which decides the direction of power flow is

presented and the various modes of operation has been described. The practical

feasibility and effectiveness of the proposed control strategy has been validated by

experimental results from a laboratory prototype. The proposed control method

based on the change in DC link voltage level due to the change in irradiation

of the sun, is simple and unique. The charging algorithm facilitates charging

of the PHEVs using minimum energy from the utility with a kind of demand

management to improve the energy efficiency. Smart charging techniques like

the one proposed in this chapter will help in avoiding major expense to upgrade

distribution transformers and other substation equipment with the increase in

PHEV loads on the distribution system.
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Chapter 4 Smart Scheduling of PHEV

Charging in Parking Facilities Powered by

Renewable Energy Resources

This chapter presents a real-time smart scheduling algorithm (SSA) that uses

a set of priority levels and the change in DC link voltage level to schedule the

charging of plug-in hybrid electric vehicles (PHEVs) in a photovoltaic (PV) based

charging facility. The priority levels are defined based on the arrival time, de-

parture time, the initial state-of-charge and the battery capacity of the PHEVs.

The developed SSA is aimed at reducing the overall cost of charging the PHEVs,

mitigating their impact on the distribution network and also contributes to peak

shaving. In order to validate the proposed SSA simulations are carried out using

the MATLAB/SIMULINK toolbox.

4.1 Introduction

Recharging PHEVs poses a challenge to utilities due to their increase in elec-

tricity demand. One of the most important challenge is that the distribution

system of the electric grid may be severely stressed as the PHEV penetration level

increases as described in Section 2.3 of Chapter 3. To this end Chapter 2 has

proposed a new architecture for charging facilities powered by PV in order to

mitigate the impact on the distribution transformer. In the proposed architecture

it has been assumed that the PHEV load demand is constant from morning till

evening. But unlike this scenario the charging demand in such locations is highly

variable depending on the customer arrival process. Hence it is imperative to

coordinate the charging of PHEVs.

71



Coordination of charging in public infrastructure presents both unique op-

portunities and challenges [77]. PHEVs arrive between 8-9 AM and leave between

4-5 PM and the charging process takes approximately 2-5 hours. The problem is

that the PHEVs arrive in a narrow time band and if the charging starts soon af-

ter the arrival, the charging energy need will produce a sudden load peak in the

local consumption. An uncoordinated charging strategy might lead to a sizable

amount of power being drawn from the grid which imposes a strict peak power

constraint. This may further lead to many vehicle charging deadlines not being

met. To overcome these issues smart scheduling of PHEV charging is necessary.

Smart scheduling is crucial for the utilities since it spreads the charging load

over the time the vehicles are parked at the installation as opposed to placing the

full load on the utility at once. PCFs coupled with smart scheduling techniques

ensures maximum utilization of solar generation to meet the demand of PHEVs.

As shown in Figure 4.1 the individual charging process of PHEVs is scheduled

to fill the daily PV production curve so as to minimize the consumption from

external network [78].

The only problem of the paining type of PV solution is 
the low efficiency. The mono crystalline cells have 15-17, 
the policristalline has a little bit lower, and the amorphous 
panels has 5-7 percent electrical efficiency. The painting has 
only ~1 % (see next Table). 

If we have a car with 6m2 painted area and the actually 
irradiated area is 5m2, the maximum power is 1000 W *5 * 
0,01 kW = 50 W. The estimated daily average production is 
about is 0,3 kWh/day – that enough for 1,5 km voyage. 

 

B. Home PV system with local storage capacity 
 

The average daily mileage is 50 km/day. 
If we calculate with the generally accepted 0,2 kWh/km 

energy need, we need to refill 10 kWh/day. Counting with 
the efficiency of the storage (80%) the daily energy harvest 
need approx 12,5 kWh. The necessary PV capacity mounted 
on the rooftop is 2-3 kWp. 

- The individual production and load curve has 
different shapes. These can be fit in three ways: 

- store the surplus – borrow the lack from the 
network. It do not really differs from the 
independent charger and independent home PV 
system. 

- island mode store the total energy in a battery – 
and can be regain in any time (e.g. night time 
charging) 

- the third solution is a relative small battery that 
runs in semi-island mode – where the battery 
smoothens the network in-out feeding.  

 

C. Central PV system at the parking house 
 

The most practical solution for the daylight charging is 
the daytime charge at the workplaces. As we mentioned the 
paring area roofs (heat shelters and or the direct car-painted 
PV solutions do produce remarkable electricity, the best 
option is the usage of the normal chargers (no speed 
charging) at the parking lots of the employees of an office. 

 
In case of gas engine cars normally we fuel it weekly-

biweekly, but in this case we load it fully. If we charge the 
car at each day “beside the main activity”, “as diversion”, 
(and maybe for the account of the company), we shall load 
in only the daily energy need. The total normal load process 
takes 6-8 hour, de load for partial discharge takes only 1-3 
hours. 

 
The employees arrive between 8-9 AM and leave 

between 4-5 PM. The charging process takes approximately 
2-5 hours, so “there is enough time”. The problem is that the 
employees arrives in a narrow time band and if everybody 

starts the charging soon after the arrival, the charging 
energy need will produce a sudden load peak not only in the 
local consumption but also in the consumption of the 
business quarter if other offices apply too this strategy. The 
individual chargers are not really controllable, so we can 
turn in and off that. 

 
The solution is the delayed charge start. We must follow 

roughly the daily PV generation curve. The PV system is 
connected to the distribution network but the basic idea is to 
minimize the load consumption from the external net. The 
central scheduler can realize the following algorithm: 

 
IF  there is PV production 
AND there is surplus production over the 

present charging load 
THEN permission of new charger start  

 
IF  there is PV production 
AND there is NO surplus production over the 

present charging load 
THEN waiting list (e.g. FIFO)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Daily PV production and the individual charging 
processes 

௉௏ܧ    ൎ ௖௛௔௥௚௘ܧ    
 න ௉ܲ௏ሺݐሻ݀ݐ ൎ  ෍ න ௜௧మ௧భܥ ሺݐሻ݀ݐ௡

௜ୀଵ
௧మ௧భ  

where ܧ௉௏  = the energy produced by the PV during 
period t1 – t2  ܧ௖௛௔௥௚௘  = the energy consumed by the 
chargers during period t1 – t2  ௉ܲ௏  = the actual power of the PV cells ܥ௜  = the actual power of i-th charger  

 

P 
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Figure 4.1: Daily PV production and the individual charging processes.
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Several scheduling methods involving PHEVs and solar generation are de-

scribed in the literature. A rule based priority scheduling method is presented

in [79–81]. Priorities are defined based on the availability time of the PHEVs in

the PCF and the power generated by the PV source. PHEVs with lesser availabil-

ity time are given the first priority. Accordingly the charging of the PHEVs can

be initiated immediately or shifted to a later time. A real-time energy manage-

ment algorithm (RTEMA) is proposed for a PV based grid-connected charging

park [82,83]. The algorithm is based on a set of priority charging levels of PHEVs

which are defined based on their state-of-charge (SOC) and the time remaining

for their departure. One of the drawbacks of the above methods is that the power

available from the PV system is predicted based on online forecasting methods

such as Grey Model, Markov Chain model or several prediction algorithms using

solar insolation, humidity, and temperature.

This chapter presents a new method independent of online forecasting meth-

ods to schedule the charging of PHEVs in PV based charging facilities. The SSA

in this paper is based on a set of priority charging levels which are defined based

on the power requirement of the PHEV and its duration of stay in the parking lot

entered via a Human Machine Interface (HMI). Since the PHEVs enter the charg-

ing facility at different time intervals the priority levels are updated whenever a

change in DC link voltage is detected.

4.2 Charging Facility Architecture

The detailed architecture of the charging facility is similar to the one already

presented in Chapter 2. As shown in Figure 4.2 each charging point is equipped

with a charging meter that the customers can plug their PHEVs into. Additionally,

the consumers can enter information such as the departure deadline, initial state-
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Figure 4.2: System architecture.

of-the-charge (SOC), and the preferred charging rate via a HMI port when they

arrive at the parking lot. The data entered by the customers is fed into the DSP

based control unit which sorts the PHEVs in a priority order as per the SSA. The

controller schedules the charging of PHEVs such that their demand is distributed

throughout the day based on their departure time as shown in Figure 4.1. PHEVs

with minimum departure time will be charged at higher charging rate and hence

the cost of charging will be higher. From Figure 4.2 the inputs to the HMI are

defined as follows:

SOCi is the intial state-of-the-charge of the ith PHEV at the time of the en-

tering the charging facility.

BCi is the battery capacity of the ith PHEV.

DTi is the departure time of the ith PHEV.

The controller should ensure that all the PHEVs should leave the charging

facility with as close to a full charge as possible for the period of time the vehicle

has been parked. As shown in Figure 4.1 the charging load is spread over the
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time the vehicles are parked at the installation as opposed to placing the full load

on the utility at once. In addition to benefiting the utility through load shifting,

the solar generation can now be better utilized to meet the demand of the electric

vehicles.

From Figure 4.1,

EPV ≈ Echarge and (4.1)

∫ t2

t1

PPV(t)dt ≈
n

∑
i=1

∫ t2

t1

Cidt, (4.2)

where

EPV = the energy produced by the PV during the period t1 - t2

Echarge = the energy consumed by the PHEVs during the period t1 - t2

PPV = the actual power of the PV cells

Ci = the actual power of the i-th charger

4.3 Smart Scheduling Algorithm (SSA)

As mentioned earlier the goal of the SSA is to prioritize the charging of

PHEVs during the peak load period. The priority order is determined based on

the departure time or the power demanded by the PHEVs. The criterion to sort

the PHEVs in a priority order is as follows :

• For PHEVs entering the charging facility at different times, the PHEV with

the least departure time is given the higher priority.

• If the PHEVs enter and leave the charging facility at the same time, the

PHEV with the higher power demand is given the higher priority.

Assuming that each PHEV will be charged from its initial SOC when it arrives at

the PCF to the maximum SOC, the power demanded by the ith PHEV (PPHEV,i) is
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Table 4.1: Charging rate for different charging levels

Priority Level Power Requirement
Maximum

charging rate
[kW]

Minimum
charging rate

[kW]

Level - 1 PPHEV,n ≥ 15 kW 15 12

Level - 2 10kW ≤ PPHEV,n <
15kW 11 8

Level - 3 5kW ≤ PPHEV,n <
10kW 7 4

Level - 4 2kW ≤ PPHEV,n <
5kW 4 0

calculated as follows:

PPHEV,i =
BC× (SOCU − SOCi)

Dt − At
and (4.3)

PPHEV =
N

∑
i=1

PPHEV,i (4.4)

where BC is the battery capacity, SOCU is the upper limit of the state-of-charge,

SOCi is the initial state of the charge, Dt is the departure time, At is the arrival

time and PPHEV is the total power demanded by the PHEVs. Table 4.1 shows the

maximum and minimum charging rates for different priority levels.

Once the PHEV load demand has been calculated and priority levels defined

the SSA can be envisaged as described in the flowchart shown in Figure 4.3 :

• The priority levels are updated in real-time as and when the PHEVs enter

the parking lot which is indicated by a change in DC link voltage level.

Charging of each PHEV begins once it connects to the charger.

• If the total power demanded by the PHEVs, PPHEV exceeds the power de-

livered by the PV array, PPV then the additional power is delivered by the
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Figure 4.3: Flowchart depicting the smart scheduling algorithm.

grid. The associated controller action based on DC bus has been explained

in detail in chapter 3 and therefore it is not dealt here.

• The PHEV charging is rescheduled (starting from the PHEVs in the lower

priority level) when the total current delivered by the distribution trans-

former, IDMD exceeds the threshold value, IDMD−max.

• The charging rates of the PHEVs is decremented in steps of 0.1 kW until the

load demand on the distribution transformer is equal to the threshold level

(i.e., IDMD = IDMD−max).

• If there is an increase in PV power (indicated by the change in DC link volt-

age level) or a decrease in distribution transformer load demand the charg-

ing rates of the PHEVs are incremented. They might as well be promoted to

higher priority levels to meet their departure deadlines.
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• The SSA is terminated once all the PHEVs are completely charged or they

leave the charging facility i.e. PPHEV = 0.

4.4 Case Studies and Simulation Results

In order to validate the proposed control algorithm for the PV powered smart

charging facility, simulations have been carried out using the Sim-Power Systems

toolbox of MATLAB/SIMULINK. Table 4.2 shows the detailed ratings of the var-

ious components. As mentioned in the table, a PV panel rated at 10 kW is con-

sidered. The grid-connected voltage source converter (G-VSC) is rated at 10 kW

and the nominal DC link voltage is maintained at 400 V.

The developed smart charging facility is a small parking garage in a work-

place, university campus or a shopping mall which contains 4 parking spaces.

The distribution transformer is rated at 15 kVA and therefore the maximum load

demand before it gets overloaded is 12 kW at 0.8 pf. The connection and dis-

connection time and the initial and final SOC of PHEVs is represented under the

respective case studies. Simulation studies are carried out for the following cases:

Case 1) PHEVs enter and leave the charging facility at the same time. Therefore

the priority levels are classified based on their load demand.

Case 2) PHEVs enter and leave the facility at different times. Hence the priority

levels are classified based on the departure times.

4.4.1 Case 1

This case corresponds to the situation when the PHEVs enter and leave the

facility at the same time. It represents the typical environment in a workplace

based charging facility. The connection and disconnection time and the initial and
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Table 4.2: Ratings of the simulation system

DC link Nominal Voltage 400 V

PV Panel Power Rating 10 kW, PMSG

GS-VSC Power Rating 10 kW

Transformer
Nominal Voltage 0.208/0.460 kV (L-L)

Power Rating 15 kVA

DC/DC Converters
Boost Converter f = 100 kHz, L = 7 mH, c

= 0.8 mF

Buck Converter f = 100 kHz, L = 5.375
mH, C = 20 µF

Table 4.3: PHEV arrival and departure data for Case 1

Priority
Order

PHEV
Model

Battery
Capacity

Arrival
Time

Departure
Time

Initial
SOC

Final
SOC

Duration
of Stay

PHEV
Load
Demand

4 Toyota
Prius 4.4 kWh 10 AM 4 PM 20% 100% 6 hr 0.52 kW

3 Nissan
Leaf 24 kWh 10 AM 4 PM 40% 90% 6 hr 1.87 kW

1 Tesla
Model S 85 kWh 10 AM 4 PM 50% 90% 6 hr 5.67 kW

2 Chevy
Volt 16 kWh 10 AM 4 PM 20% 90% 6 hr 2 kW

final SOC of PHEVs is represented in Table 4.3. Figure 4.4 shows the simulation

results for case 1.

As mentioned in Table 4.3 all the four PHEVs enter the charging facility

at 10:00 AM and leave at 4:00 PM. From Figure 4.4 (a) it can be seen that the

initiation of PHEV charging results in a change in DC link level which triggers

the SSA. Since the PHEVs enter and leave the charging facility at the same time,

the priority orders are defined based on their load demand as shown in Table 4.3.

The PHEV load demand from 10:00 AM - 4:00 PM is 10.06 kW as shown in

Figure 4.4. The charging prority levels are updated each and every time a change

in DC link voltage level is detected. At 2:00 PM the current delivered by the

distribution transformer, IDMD exceeds the threshold value, IDMD−max. Hence

the rate of charge of the PHEVs is decremented starting from the PHEVs in the

lower priority level.
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Figure 4.4: Simulation results for Case 1.

Table 4.4: PHEV arrival and departure data for Case 2

Priority
Order

PHEV
Model

Battery
Capacity

Arrival
Time

Departure
Time

Initial
SOC

Final
SOC

Duration
of Stay

PHEV
Load
Demand

1 Toyota
Prius 4.4 kWh 8 AM 9 AM 20% 100% 1 hr 3.08 kW

2 Chevy
Volt 16 kWh 9 AM 1 PM 20% 90% 4 hr 2.8 kW

3 Tesla
Model S 85 kWh 10 AM 3 PM 50% 90% 5 hr 6.8 kW

4 Nissan
Leaf 24 kWh 10 AM 4 PM 40% 90% 6 hr 2 kW

The charging rates of PHEV-3 and PHEV-4 are updated at 3:00 when a

change in DC link voltage level is detected. The controller terminates once all

the PHEVs leave the charging facility at 4:00 PM which is indicated by the drop

in PHEV load demand, PPHEV to zero. Figure shows the charging profiles of

each PHEV. It can be seen from Figures 4.5 (a) and (b) that the charging rates of

PHEV-4 and PHEV-2 are reduced at 2:00 PM when IDMD exceeds IDMD−max.
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Figure 4.5: PHEV charging profiles for Case 1.

4.4.2 Case 2

This case corresponds to the situation when the PHEVs enter and leave the

facility at different times. This type of situation can be considered in places such

as shopping malls where the PHEVs present a random demand profile. The

connection and disconnection time and the initial and final SOC of PHEVs is

represented in Table 4.4. Figure 4.6 shows the simulation results for case 2.

As shown in Table 4.4 since the PHEVs enter at different times the priority

order of charging changes dynamically. The priority order shown in the table is

used as an initial reference to designate each PHEV.

At 8:00 AM PHEV-1 enters the charging facility and triggers the SSA. Since

there are no other PHEVs in the facility it is given a priority order of 1. It is

completely charged by 9:00 AM and leaves the facility. PHEV-2 starts charging

at 9:00 AM and it is given a priority order of 1. Similarly PHEV-3 and PHEV-4

entering the charging facility and trigger the SSA. Subsequently they are assigned
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Figure 4.6: Simulation results for Case 2.

priority orders of 2 and 3 respectively.

The total PHEV load at 10:00 AM results in the increase in IDMD beyond the

threshold level of IDMD−max. Therefore the charging rate of PHEV-4 which has

a priority order of 3 is reduced until IDMD is equal to IDMD−max. As shown in

Figure 4.6 IDMD is maintained at its threshold limit of 41.5 A. This control action

occurs at t = 10 AM, t = 12 PM, and t = 2 PM as shown in Figure 4.6 (d).

It has to be noted that the charging rates of each PHEV are continuously

updated whenever a change in DC link voltage level is detected. Figure 4.7 shows

the charging profiles of each PHEV. As shown in Figure 4.7 (b) the charging rate

of PHEV-4 which has the lowest priority varies continuously from 10:00 AM -

4:00 PM. The charging rate is reduced whenever IDMD exceeds IDMD−max and it

is increased or maintained during the other periods.
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Figure 4.7: PHEV charging profiles for Case 2.

4.5 Summary

A real-time smart scheduling algorithm (SSA) for a workplace based charg-

ing facility is presented in this paper. An advantage of the developed algorithm

is that the charging rates of the PHEVs during their parking period are varying

according to their state-of-charge. The algorithm is simple and easy to develop

since it is not based on any online forecasting methods.
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Chapter 5 Wind Powered Smart Charging

Facility for PHEVs

This chapter proposes a charging station architecture with a small scale wind

turbine as the primary source. Coordinated control strategy based on DC link

voltage sensing is proposed to facilitate the operation of the charging facility in

standalone and grid-connected modes. The proposed architecture and the control

algorithm are validated through simulations using MATLAB/SIMULINK tool-

box. A scaled down version of the proposed architecture has been implemented

in the laboratory and the experimental results are presented.

5.1 Introduction

Plug-in hybrid electric vehicles have already entered the consumer automo-

tive market and they are going to be an integral part of the electric power system.

The expected high penetration of PHEVs would have a serious impact on the

life of a distribution transformer since they are not designed to deal with the

increased demand and new patterns of consumption. In order to minimize the

loading on distribution transformers smart charging techniques coupled with re-

newable energy resources are the need of the hour. Several charging station archi-

tectures based on photovoltaic systems are described in the literature [25, 26, 43].

Solar photovoltaic charging is widely being touted as an alternative for charging

low to mid-range PHEVs. Another very popular renewable energy resource is

power from the wind turbines. Charging PHEVs from small scale wind turbines

(1 kW – 15 kW) is also being realized as a viable alternative [84] because of the

following reasons:
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• Huge improvement in power converter technology for small wind turbines

(SWTs) [85]

• High efficiency of the system for capturing energy at lighter winds which

are very frequent.

A review of literature suggests that number of studies examined the large-

scale, long term impact of PHEVs on the ability of the electric grids to integrate

wind energy. The effect of large-scale adoption of PHEVs on the integration of

wind energy into the US electricity mix is described in [86]. As per [87], PHEVs

(Plug-in Hybrid Electric Vehicles) have the potential to increase the amount of

wind energy capacity installed in a regional or national electricity system. More

specifically, PHEVs can absorb the excess wind energy production that would

otherwise be wasted or curtailed, which improves the economics of wind energy

generation.

To mitigate the volatile behavior of wind power, demand response algo-

rithms using PHEVs are proposed [88]. According to [89] proliferation of PHEVs

can cause system wide voltage variations beyond recommended limits. It further

states that smart charging using the surplus energy from wind production ap-

pears to solve the issue of voltage drop. On the whole, these studies indicate that

the penetration of PHEVs has the potential to increase the amount of wind energy

capacity installed in a regional or national electricity system. But not much em-

phasis has been laid in the literature regarding the synergy between PHEVs and

wind power through smart charging facilities at distribution level. This chapter

proposes a smart DC charging facility featuring small scale wind turbine that can

be installed in a workplace environment (the concept can be extended to places

like universities, shopping malls and other commercial places). The proposed

block diagram is shown in Figure 5.1. As shown in the figure, PHEVs are charged
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using DC power since it has advantages like increased efficiency and reduction in

power conversion stages.

POWER 

CONDITIOING 

UNIT

DC BUS

UTILITY WIND

CONTROLLER

Energy 

Storage Unit

Figure 5.1: Proposed smart charging facility.

The concept of DC bus signaling (DBS) has been proposed by many re-

searchers for proper power management in a DC microgrid [40–42, 44]. In DBS,

DC bus voltage is employed as an information carrier to determine the operation

modes of various converters according to predefined voltage levels. Though [41]

has done extensive work on controlling a grid-connected DC microgrid using

DBS, the change in the voltage levels due to the change in suns insolation is not

considered. [42] Proposed an improved version of DBS but does not consider the

operation of DC microgrid in grid-connected mode. This chapter extends on the

similar concept proposed in Chapter 3 and [44] but the PV source in this case is

replaced by a small scale wind turbine.

5.2 System Architecture

The circuit configuration of the proposed smart charging facility for PHEVs

is shown in Figure 5.2. The system consists of a small scale wind turbine (SWT)

using permanent magnet synchronous generator (PMSG), energy storage unit
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(ESU), PHEV load and the controlling unit. The SWT is connected to the DC link

via an AC/DC diode rectifier and DC/DC boost converter. The DC/DC boost

converter performs the function of maximum power point tracking (MPPT) to

facilitate the operation of wind turbine at the maximum power point. Energy

storage unit (ESU) is connected to the DC bus via a bi-directional DC/DC buck-

boost converter. The ESU will support the charging of PHEVs when there is no

power available either from the grid or the wind turbine. The battery pack in the

ESU can be charged from the grid during off peak hours or from the wind turbine

after all the PHEVs have been charged in the charging facility. A DC/DC buck

converter controls the charging of the PHEV. The charging facility is connected to

the power distribution network through a bi-directional grid-tied converter.

The control description for the charging facility shown in Figure 5.2 is based

on the charging requirements of a single PHEV. Multiple PHEVs can be charged

by increasing the corresponding ratings of the charging station components like

the wind turbine and the associated power converters. Each PHEV must have a

separate buck converter installed for each charge point. Since the charging station

can be located at public places such as shopping malls, adjacent to freeways, uni-

versities etc. the PHEVs enter and leave the parking lot at different time intervals.

Hence the PHEVs present a random variation in load demand over a time period.

Under this scenario, the variation in DC link voltage occurs due to the fluctuation

in wind speed and PHEV load demand.

The control unit monitors and controls the power flow between the source

and PHEV based on the change in DC link voltage. As shown in Figure 5.2, the

operation of the control unit is based on twelve inputs which determine the di-

rection of power flow in the charging facility and generate the required switching

signals for various converters.

VDC−link is the magnitude of the voltage at the DC link which determines
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Figure 5.2: Detailed circuit configuration of the proposed architecture.

the various modes of operation.

IDMD is the current delivered by the distribution transformer which deter-

mines the peak load condition.

IDC is the inductor current required for the control of boost converter.

VBUCK and IBUCK are the inputs for the buck converter control. VBUCK is the

detected battery voltage across the PHEV and IBUCK is the output current of

the buck converter.

VESU and IESU determine the controller action of the bi-directional buck-

boost converter. VESU is the detected battery voltage across the ESU which

is the measure of its SOC and IESU is the current drawn or injected by the

ESU.
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VGrid and I f dbk are the inputs for the inverter control. VGrid is the grid side

voltage. I f dbk is the current fed into the grid by the DC/AC converter.

DT, SOC and BC are the data entered by the customers via the HMI port at

the time of entering the charging facility. DT is the departure time, SOC is

the state-of-charge of the PHEV batteries and BC is the battery capacity.

5.3 Modeling of the System

This section models the wind turbine and power electronic converters in

order to mathematically derive the relationship between wind speed, load and

the DC link voltage.

5.3.1 Wind Turbine Model

The power as a function of wind speed VW can be calculated from the equa-

tion of the wind turbine power as

PT =
1
2

CP(λ)AρV3
W , (5.1)

where ρ is the density of the air [kg/m3] and A is the area [m2] swept by the

turbine. CP is the power coefficient defining the aerodynamic efficiency of the

wind turbine rotor, and is a function of the tip speed ratio λ . The tip speed

is defined as the ratio between the peripheral speed of the blades and the wind

speed as

λ =
Ω× R

VW
, (5.2)

where Ω is the rotational speed of the blades (the rotational speed of the low-

speed shaft) and R is the blade length.
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The wind turbine torque on the shaft can be calculated from the shaft power

as

TT =
PT

Ω
=

CP(λ)× ρ× R2 × H ×V2
W

λ
. (5.3)

The shaft rotational speed optimal control solution using a set point from the

wind speed information can be applied if the optimal value of the tip speed ratio,

λopt, is known. The turbine operates on the ’Optimal Regimes Characteristic’

(ORC) shown in Figure 5.3 if λ = λopt, which supposes that the shaft rotational

speed is controlled by a closed-loop control system so as to reach its optimal value

Ωopt =
λopt

R
VW . (5.4)
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Figure 5.3: The optimal regime characteristics.
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5.3.2 Permanent Magnet Synchronous Generator Model

Permanent Magnet Synchronous Generator (PMSG) is preferred over other

generators mainly due to its high efficiency. The EMF induced in PMSG is pro-

portional to rotational speed . The equivalent circuit for one phase is shown in

Figure 5.4. The constant of the generator is defined as k, and a field magnetic flux

Ra

Rg

Ig Xg

E Vg

Figure 3.5. Equivalent circuit of PMSG per phase

magnetic flux φ and mechanical angular velocity ωg. The induced EMF is given

by

E = kφωg . (3.2)

Terminal voltage Vg of the generator is

Vg = E− Ra Ig − jXg Ig . (3.3)

3.4.3 Design of Rectifier

The generator is connected with rectifier circuits as shown Fig 4. It is assumed

that the AC power generated from the generator is converted into DC power through

diode bridge rectifier circuits

3Vg Ig = Vdc1 Idc1 , (3.4)

where, Vdcl and Idcl are DC side voltage and current, respectively. The resistance

value for one phase of rectifier circuits from the viewpoint of A.C. side is defined as

Rg, and the maximum value of line-to-line voltage is defied as VLLPeak. The mean

value of DC voltage is shown like the following.

39

Figure 5.4: Equivalent circuit of PMSG per phase.

φ and mechanical angular velocity ωg. The induced EMF is given by

E = kφωg. (5.5)

Terminal voltage Vg of the generator is

Vg = E− Ra Ig − jXg Ig, (5.6)

where Ig is the line current of the generator, Ra is the winding resistance per

phase and Xs is the synchronous reactance per phase.

From Equation 5.6 we can deduce the line current as

Ig =
Eg

(Rg + Ra) + jXs
. (5.7)

The amplitude of the line current is expressed as

|Ig| =
|Eg|√

(Ra + Rg)2 + X2
s

. (5.8)
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The generated output power is

P = 3|Ig||Vg|cosφ = 3Rg|Ig|2 and (5.9)

P = 3Rg ×
E2

g

(Rg + Ra)2 + X2
s

. (5.10)

5.3.3 Design of Three-Phase Diode Bridge Rectifier

The generator is connected with the rectifier circuit as shown in Figure 5.5.

It is assumed that the AC power generated by the PMSG is converted into DC

power through the diode bridge rectifier circuit. Therefore

3Vg Ig = Vdc1 Idc1, (5.11)

where, Vdc1 and Idc1 are the DC side voltage and current, respectively. The value

of resistance for one phase of rectifier circuits from the view point of AC side is

defined as Rg, and the maximum value of line-to-line voltage is defined as VLLPeak.

Rectifier

Ea

Eb

Ec

Rdc

Xg

Xg

Xg

Ra

Ra

Ra

Vdc1

Idc1Ig

VLL

Figure 3.6. PMSG connected to a diode Rectifier

Vdc1 =
3
π

∫ π
6

−π
6

VLLPeakcosθdθ

=
3
π

VLLPeak .

(3.5)

From these equations, the relationship between Vdc1, line to line voltage VLL and

phase voltage Vg is shown as

Vdc1 =
3
√

2
π

VLL

=
3
√

6
π

Vg .

(3.6)

From Eqn.(3.4) and Eqn.(3.6), the equation of Idc1 and Ig are obtained as.

Idc1 =
π√

6
Ig . (3.7)

3.4.4 Deriving the optimal duty ratio

From the boost circuit equations and rectifier equations as described in previous

sections, it can be deduced that

Rg =
π2

18
(1− D)2RL . (3.8)

40

Figure 5.5: PMSG connected to a diode rectifier.

The mean value of DC voltage is obtained as

Vdc1 =
3
π

∫ π
6

−π
6

VLLPeakcosθdθ and

=
3
π

VLLPeak.

(5.12)
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From the above equations, the relationship between Vdc1, line to line voltage VLL

and phase voltage Vg is obtained as

Vdc1 =
3
√

2
π

VLL,

=
3
√

6
π

Vg, and

=
3
√

6
π

Rg Ig.

(5.13)

From Equation 5.13 and Equation 5.11, the following relation between Idc1 and Ig

is obtained as

Idc1 =
π√

6
Ig. (5.14)

If Rdc1 is the resistance on the DC side of the bridge rectifier and Idc1 is the output

current then

Vdc1 =
3
√

6
π

Rg Ig = Rdc1 Idc1, (5.15)

3
√

6
π

Rg Ig = Rdc1
π√

6
Ig, and (5.16)

Rg =
π2

18
Rdc1. (5.17)

5.3.4 DC/DC Boost Converter

The SC output voltage from the generator is converted into DC voltage by the

3-phase diode bridge rectifier and it is boosted by the DC/DC boost converter.

In this section, the operation of the boost circuit is theoretically analyzed. The

generator and the rectifier circuit are together represented by a DC voltage source

for the ease of analysis. The inverter and the power grid are together modeled

as a load resistance connected with the DC link. The circuit configuration of the

boost converter is shown in Figure 5.6. The inductance and capacitance of the

boost circuit are assumed to be sufficiently large in order to reduce the ripple in
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1.6 DC-DC Boost Chopper

Edc

RLCdc

D

SVdc1

Ldc

Vdc2

Rdc1 Rdc2

Idc1 Idc2

Figure 1.8. Boost chopper circuit

The AC output power from the generator is converted into DC power through

diode rectifier and it is boosted by the boost chopper circuit [16] [17]. In this section,

the operation of the boost chopper circuit is theoretically analyzed. The generator

and the rectifier circuit is reduced into a DC power supply for the ease in analysis.

The inverter and grid altogether is modeled as a load resistance connected with

DC link. The circuit configuration of the boost chopper is shown in Fig 1.8 When

it is assumed that the inductance and the capacitance of the equivalent circuit are

sufficiently large, the current of the switching device is smoothed by the inductance,

and DC output voltage is smoothed by the capacitance. The energy is stored in Ldc,

when S is turned on in the period of ton. And, the energy is transferred to Cdc, when

12

Figure 5.6: Boost converter circuit.

inductor current and the DC output voltage. The following equations express the

relation between the input and output voltages and currents

Vdc2 =
1

(1− D)
Vdc1 and (5.18)

Idc2 = (1− D)Idc1, (5.19)

where D is the duty ratio given by

D =
ton

ton + to f f
, (5.20)

where ton is the turn on period of the switch ′S′ and to f f is the turn off period of

the switch.

It is possible that the boost converter circuit along with the load resistance RL

are considered a kind of variable resistance changed by the duty ratio from the

viewpoint of the DC voltage source. This variable resistance Rdc1 is defined as

Rdc1 =
Vdc1

Idc1
. (5.21)
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Similarly it can be derived that

Rdc2 =
Vdc2

Idc2
. (5.22)

Dividing Equation 5.18 by 5.19 we get

Vdc2

Idc2
=

1
(1− D)2

Vdc1

Idc1
. (5.23)

The above equation can also be written as

Rdc1 = (1− D)2RL. (5.24)

From Equations 5.17 and 5.24 it can be deduced that

Rg =
π2

18
(1− D)2RL. (5.25)

From Equations 5.5, 5.10 and 5.25 the output power of the generator can be de-

duced as

Pg =
π2

6
(1− D)2RL

(kφωg)2

[π2

18 (1− D)2RL + Ra]2 + X2
g

. (5.26)

As shown in Equation 5.26 the output power of the PMSG is dependent on the

generator speed ωg and the duty ratio D. There exists one duty ratio, Dmax, for

which the electrical power generated by the PMSG becomes maximum. This is

obtained by
dPg

dD
= 0, (5.27)

From the above equation Dmax is derived as

Dmax = 1−
[

R2
a + X2

s

R2
L

] 1
4 3
√

2
π

. (5.28)

5.3.5 DC Link Voltage as a Function of Wind Speed and Load

From Equations 5.5, 5.13 and 5.18, the DC link voltage Vdc2 can be deduced

as

Vdc2 =
1

1− D
3
√

6
π

Vg and

=
1

1− D
3
√

6
π

kφΩ.

(5.29)
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Substituting the expression for Dmax in Equation 5.29 results in

Vdc2 =
√

3kφΩ

[
R2

L
R2

a + X2
s

] 1
4

. (5.30)

And from Equation 5.2 we get

Ω =
λVW

R
. (5.31)

Substituting Equation 5.31 in Equation 5.30 gives

Vdc2 =

√
3kφλ

R

[
R2

L
R2

a + X2
s

] 1
4

Vwind. (5.32)

From Equation 5.32, it is clear that the fluctuations in wind speed and the

load resistance cause variations in the DC link voltage.

5.4 Control Strategy and Modes of Operation

A fast and reliable scheme for acknowledging the system operation status

is essential for WPCF (wind powered charging facility). Apart from using as a

communication means, DC link voltage is a good indicator of the operational

status of WPCF. In a grid-connected WPCF shown in Figure 5.2, the charging

power of the DC capacitor is given by

PC = PDC − PAC, (5.33)

where PDC and PAC represent the total power on the DC side and the AC side of

the DC bus. Since a WPCF consists of source (wind turbine) and loads (PHEVs)

which are stochastic in nature, a decrease/increase in voltage amplitude occurs

due to the resultant transients generated by the variation in source or PHEV load

demand. The DC voltage dynamics can be formulated based on the principle of

power balance as
d
dt
(

1
2

CV2
DC) = PDC − PAC. (5.34)

96



Therefore,

CVDC
dVDC

dt
= Pwind + PESU − PPHEV − PGrid, (5.35)

where PWind is the power generated by the wind turbine, PESU is the power deliv-

ered or absorbed by the energy storage unit, PPHEV represents the demand of the

PHEVs and PGrid is the power on the grid side. According to the above equation

a change in PWind or PPHEV results in a variation in the DC link voltage. This

change in the DC link voltage level is utilized to recognize different operating

modes according to the voltage levels defined in Section 5.5. The direction of

power flow in the charging facility is based on the pre-defined DC link voltage

levels which determine the various modes of operation. The switching between

various modes of operation is facilitated by the change in the voltage level at the

DC link.

Figure 5.7 shows the variation in the DC link voltage and the power from the

wind turbine for various values of wind speed. The reference DC link voltages

are chosen by taking into consideration the variation in wind speed within the

cut-in and cut-out values. The voltage variation between neighboring thresholds

should be carefully selected so that it’s neither too small to avoid malfunction

during mode switching nor too big to avoid significant voltage variations which

may affect the charging of PHEVs [41,42,44]. The nominal DC link voltage, Vdc, is

chosen as 400 V following the criterion mentioned in Chapter 3. By considering

a threshold limit of ± 10% the reference DC link voltage levels are set at VS−1 =

360 V and VS−1 = 400 V.

5.4.1 System Operating Modes

For the satisfactory operation of the WPCF during the variations of wind

generation, load, and grid-connection conditions, there are a number of differ-
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Figure 5.7: Power generated Vs DC link voltage at various wind speeds.

ent operation modes that need to be considered in order to ensure a secure and

reliable operation of the charging facility.

Accordingly, the operation of the charging station can be categorized into

three modes: Mode-1 (Wind powered charging with grid-connection), Mode-2

(grid-connected inversion) and Mode-3 (grid-connected rectification). A set of

variables VDC−link, Vdc, VS−1, VS−2, IDMD and IDMD−max are used to describe the

various modes of operation.

VDC−link is the detected voltage at the DC link. Vdc is the nominal DC link

voltage.

VS−1 and VS−2 are the chosen reference voltage levels based on the allowable

DC link voltage variation.

IDMD represents the load demand on the distribution transformer and IDMD−max

represents the peak load condition of the transformer.

The charging of the PHEV and the ESU should be terminated once the re-

spective battery voltages reach the threshold levels. The following three modes
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are envisaged.

Mode-1 : VS−1 < VDC−link < VS−2 : Wind powered charging with grid-

connection

When the DC link voltage varies between the allowable voltage band (VS−1

− VS−2) several scenarios are possible as mentioned below.

Case-1 : VDC−link < Vdc : Wind powered charging with grid-connected recti-

fication

This case corresponds to the situation when the power supplied by the wind

turbine is not sufficient to meet the PHEV load demand. Hence the DC link

voltage drops below the reference voltage level Vdc. Two possible scenarios can

be considered i.e., a reduction in wind power (PWind) or an increase in PHEV

load demand (PPHEV). One such scenario is showed in Figure 5.8 (a) where the

available maximum power from the wind turbine is less than the PHEV load

demand. The deficit power within the charging facility is balanced by the grid-

side voltage source converter (G-VSC). Neglecting the power losses,

PGrid = PPHEV − PWind − PESU. (5.36)

During the peak load period when the demand on the distribution transformer

exceeds the threshold limits (IDMD > IDMDMAX), the rate of charging of the

PHEVs in the lower priority level is reduced or their charging is terminated tem-

porarily which in-turn reduces the power demanded by the charging facility from

the grid. If the peak load condition still persists then the G-VSC is disconnected

which completely deactivates the power flow from the grid to the charging fa-

cility. During this scenario the ESU switches its control from stand-by mode to

discharging mode and supplies the supplementary power to charge the PHEVs

in the higher priority level. The required power from the ESU is

PESU = PPHEV − PWind. (5.37)
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Once the demand on the distribution transformer is reduced, the G-VSC is turned

on to charge the PHEVs.

Case-2 : VDC−link > Vdc : Wind powered charging with grid-connected inver-

sion

The DC link voltage exceeds the reference voltage level Vdc when there is

an increase in the generated wind power (PWind) or a decrease in the PHEV load

demand (PPHEV). Figure 5.8 (b) shows this case in which the available maximum

power of the wind turbine is greater than the PHEV demand. The surplus power

from the wind turbine is utilized to charge the ESU if its state-of-the-charge (SOC)

is less than the threshold limit (SOCMax = 90%). Once the ESU is completely

charged the additional power generated by the wind turbine is delivered to the

grid via the G-VSC. Neglecting the power losses the power delivered to the grid

is represented as,

PGrid = PWind − PPHEV − PESU. (5.38)

Mode-2 : VDC−link > VS−3 : Grid-connected inversion

The DC link voltage increases significantly when all the PHEVs are com-

pletely charged (light load condition) or when there is a sudden increase in wind

speed. In this mode the power generated by the wind turbine charges the ESU

and the excess power is delivered to the grid as shown in Figure 5.8 (c) . As-

suming all the PHEVs in the charging facility have been completely charged the

power delivered to the grid is represented as,

PGrid = PWind − PESU. (5.39)

During this operation of the charging facility in grid-connected mode the DC

link voltage is maintained constant at the reference voltage level Vdc. Once the

PHEVs enter the charging facility and the charging process is initiated, the power

delivered to the grid decreases. If a point is reached wherein the wind power is
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not able to meet the PHEV load demand, the G-VSC control shifts the inversion

operation to grid-rectification.
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Figure 5.8: Wind power and PHEV load demand during various modes.

Mode-3 : VDC−link < VS−1 : Grid-connected rectification

This mode represents extreme conditions such as low wind speeds or very

high PHEV load demand. Hence the power demanded by the WPCF from the

grid increases appreciably as shown in Figure 5.8 (d). If the grid-side voltage

source converter (G-VSC) is not able to provide the required power exchange, the

energy storage unit (ESU) switches its control from stand-by mode to discharging

mode. An increase in the load demand (PHEV and other utility load) on the dis-

tribution transformer (IDMD > IDMD−MAX) during the peak load period requires

the charging rates of the PHEVs to be lowered or G-VSC to be disconnected. This

reduces/deactivates the power flow from the grid to the PHEV in order to satisfy

the utility peak load. It should be noted that the distribution transformers are

not designed to meet the future PHEV demand and their priority is to satisfy the
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utility peak load. During this period (which might last for few hours), the ESU

is the only source to supply power to the PHEVs. The required power from the

ESU is

PESU = PPHEV − PWind. (5.40)

However, during the conditions of low wind (thus small Pwind) and heavy PHEV

demand, the required PESU may exceed the power ratings of the battery ES (en-

ergy storage) system. Thus, appropriate load shedding is carried out by tem-

porarily terminating the charging of PHEVs at lower priority level. Once the

demand on the distribution transformer is reduced, the grid-connected converter

is turned on to charge the PHEVs.

5.4.2 System Control

This section outlines the detailed system controls for the three different op-

eration modes previously described.

A) Control Method for DC/DC Bi-Directional Buck-Boost Converter

In the proposed charging facility architecture, the ESU is connected by a bi-

directional Buck-Boost converter to the DC bus as shown in Figure 5.2. Under

different operating conditions of the WPCF, the ESU operates in charging, dis-

charging or floating modes and the modes are managed according to the DC bus

voltage level and the load demand on the distribution transformer. If the battery

has not been fully charged, which means that its SOC is less than 95%, the battery

will be charged in Mode-1 and Mode-2.

Considering the aforementioned conditions, the control method for the ESU

converter is summarized in Figure 5.9. In the Figure, VESU is the detected battery

voltage of the ESU, VESU−H is the battery voltage corresponding to 95% SOC,

VESU−L is the battery voltage corresponding to 40% SOC, IBC−limit is the maxi-
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mum current limit for battery charging, IBD−limit is the maximum current limit

for battery discharging, I∗ESU is the reference current for the Buck-Boost converter,

IESU is the detected battery current, and DESU1 and DESU2 are the duty ratios for

the switches SE1 and SE2. As shown in Figure 5.9 the charging/discharging of the

ESU is determined by I∗ESU, which is the sum of the charging controller output

and discharging controller output

I∗ESU = Ir1 + Ir2. (5.41)

When I∗ESU>0, the battery converter is used for discharging. when I∗ESU<0, the

battery converter is used for charging. Hence, the seamless switching between

two modes is realized and the hysterisis is not necessary.

As shown in Figure 5.9, the overcharging protection and overdischarging

protection have been taken into account by introducing VESU−H and VESU−L.

PIVESU-H

VESU

PIVdc

VDC-link

If

VESU<VESU_L

No

PI PWM

If 

VDC < VS-1

If IDMD >

IDMD-max
IDMD

Ir1

Yes
Ir2 = 0  

Ir2 = Ir2  

IBC-limit

IBD-limit

I
*

ESU

IESU

DESU1

DESU2

Charging Control

Discharging Control

Figure 5.9: Control diagram of DC/DC buck-boost converter.

B) Control Method for DC/DC Buck Converter

The control method for DC/DC buck converter for PHEV charging is based

on VB, VBT, IDMD and IDMD−max as shown in Figure 5.10 . VB is the detected
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battery voltage, VBT is the battery voltage corresponding to 95% SOC. IDMD is

the load on the distribution transformer and IDMD−max represents the peak load

condition. The control mode is determined by the detected battery voltage of the

PHEV and the loading condition of the distribution transformer. The charging of

the PHEV is terminated once the battery voltage reaches VBT.

As mentioned in Section 5.4.1 during the period when the transformer is

subjected to peak load demand the rate of charging of the PHEVs is reduced until

the demand is within the allowable limits (i.e., < IDMD−max). This is accomplished

by classifying the PHEVs in the charging facility in a priority order. Each PHEV

is assigned a priority level based on its duration of stay in the charging facility.

The power demanded by a PHEV is calculated from the departure time, arrival

time, initial SOC and battery capacity of the PHEV. This data is entered by the

customers via a HMI port when they arrive at the parking lot. Assuming that

each PHEV will be charged from its initial SOC when it arrives at the WPCF to

the maximum SOC (95%), the power demanded by the nth PHEV (PPHEV,n) is

calculated as

PPHEV,n =
BC× (SOCU − SOC)

Dt − At
and (5.42)

PPHEV =
N

∑
n=1

PPHEV,n, (5.43)

where BC is the battery capacity, SOCU is the upper limit of the state of charge,

SOC is the measured state of charge, Dt is the departure time and At is the arrival

time and PPHEV is the total power demanded by the PHEVs. Table 5.1 shows the

maximum and minimum charging rates for various charging levels based on the

power demand. The data entered by the customers for four different PHEVs is

shown in Table 5.3 wherein the priority order is assigned for each PHEV based

on the duration of stay in the parking lot.
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Table 5.1: Charging rate for different charging levels

Charging Level Power Requirement
Maximum
charging
rate [kW]

Minimum
charging
rate [kW]

Level - 1 PPHEV,n ≥ 15 kW 15 12

Level - 2 10kW ≤ PPHEV,n < 15kW 12 6

Level - 3 5kW ≤ PPHEV,n < 10kW 8 4

Level - 4 2kW ≤ PPHEV,n < 5kW 6 2

During the peak demand period the rate of charge is reduced in steps of 0.1

kW for the PHEV which is last in the priority order. If the rate of charge of the

current PHEV becomes zero then the process is repeated for the PHEV whcih is

next in the priority order. This process continues iteratively until the demand on

the transformer is within the allowable limits (i.e., < IDMD−max). The flowchart

for the iterative process is shown in Figure 5.11. As shown in the figure, the

updated reference charging current is obtained in the final step and it is updated

in the control loop of buck converter.

PIVBT

VBUCK

PI
IBUCK_ref

IBUCK

PWM
To 

Buck

If

IDMD>IDMD-max

IDMD-max

Yes

No

Input = 0

Input = 1

Figure 5.10: Control diagram of DC/DC buck converter.

105



Read P

Read IDMD

IDMD  > IDMD-max

PPHEV(P)>0

Pnew(P) = 0.9PPHEV(P)

Stop

Start

Priority order from 

HMI

Distribution 

Transformer Demand

No

Pnew – New PHEV 

Charging rate

IBUCK(P) = PPHEV(P)/VB

New  charging 

current reference 

Yes

No

Yes

P = P-1

C1
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Figure 5.11: Flowchart for PHEV charging control.

B) DC/DC Boost Converter Control

The main aim of variable speed wind energy conversion system is to extract

maximum power at all available wind velocities. In a variable speed WECS, the

maximum power at different wind velocities is almost a cubic function of gener-

ator speed as shown in Figure 5.3. Therefore the generator speed is controlled in

order to follow the Power-speed characteristic.

In this regard, the duty cycle of the DC/DC boost converter is generated

based on the control scheme shown in Figure 5.12. The outer loop compares the

actual wind power PWind with the reference of the optimum power (PWind)Opt

which is obtained as

(PWind)Opt = kopt[Ωopt]
3. (5.44)

The above equation is used to estimate the reference DC current (i.e., (iDC)re f )

through inductor of the boost converter. The PI controllers associated with the

control scheme shown in Figure 5.12 are tuned using the method discussed in [90].
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Figure 5.12: Control diagram of DC/DC boost converter.

B) DC/AC G-VSC Control

The control method for grid-connected DC/AC converter is shown in Figure

5.13. This stage uses two nested control loops - an outer voltage loop and an

inner current loop. In Figure 5.13, Vdc is the reference voltage for the DC bus,

VDC−link is the detected DC bus voltage, VGrid is the AC grid voltage, θ is the AC

grid phase angle, I∗INV is the reference output current for the DC/AC converter,

I f dbk is the output current of the DC/AC converter.

Two Proportional-Integrative (PI) controllers, GV(S) and Gi(S) are used to

close the outer voltage loop and the inner current loop. The voltage loop gener-

ates the reference command (IRe f ) for the current loop. The current command is

then multiplied by the AC angle to get the instantaneous current reference (I∗INV).

Since the inverter is grid-connected the grid angle is provided by the phase locked

loop (PLL). The instantaneous current reference is then used by the current com-

pensator along with the output current of the DC/AC converter (I f dbk) to provide

duty cycle for the full bridge inverter.

The operation of the DC/AC converter in rectifier Mode/inverter Mode dur-

ing Mode-1 depends on the sign of (IRe f ). When the PHEV load demand (PPHEV)

exceeds the wind power (PWind) the deficit power must be supplied by the grid.

Hence Ire f changes its sign and thereby (I f dbk) flows in the opposite direction i.e.,

into the charging facility. Similarly when Pwind exceeds PPHEV and VESU is greater

than VESU−H (implies that the ESU is completely charged), I f dbk changes its sign
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to deliver power to the grid.

The transition from Mode-1 to Mode-2 or Mode-1 to Mode-3 is facilitated by

the variation in DC link voltage level. When VDC−link falls below VS−1 the sign of

IRe f changes immediately such that I f dbk flows towards the charging facility. On

the other hand I f dbk flows towards the grid when VDC−link exceeds VS−2.

PWMPLL Gi(S)

GV(S)

VGrid

VDC-link

Vdc

IRef

Ifdbk

To Invertersinθ
I

*
INV

Figure 5.13: Control diagram of DC/AC converter.

5.5 Case Studies

In order to validate the proposed control algorithm for the wind powered

smart charging facility, system simulations have been carried out using the Sim-

PowerSystems toolbox of MATLAB/SIMULINK. The detailed ratings of the sys-

tem elements are listed in Table 5.2. As mentioned in the table, the wind turbine

is rated at 10 kW. A 10 kW grid-connected voltage source converter (G-VSC) and

a 5 kW Energy Storage Unit (ESU) are used. The initial SOC of the ESU is con-

sidered as 90 % and the minimum SOC is fixed at 20 %. The developed smart

charging facility is a small parking garage in a workplace, possibly a university

campus, which contains four parking spaces. The connection and disconnection

time and the initial and final SOC of PHEVs is represented in Table 5.3.

The DC-link reference voltage (Vdc) is set at 400 V. In the case of a DC mi-

crogrid system such as the architecture of the charging facility described in this

chapter, a DC voltage tolerance of ± 10% is generally allowed. Considering that

the PHEV batteries employ front end DC/DC buck converters, from the control

108



Table 5.2: Ratings of the simulation system

DC link Nominal Voltage 400 V

Wind Turbine Power Rating 10 kW, PMSG

GS-VSC Power Rating 10 kW

Transformer
Nominal Voltage 0.208/0.460 kV (L-L)

Power Rating 15 kVA

ESU
Nominal Voltage 100 V

Battery Capacity 50 Ah, Lithium-ion type

DC/DC Converters
Boost Converter f = 100 kHz, L = 7 mH, c

= 0.8 mF

Buck Converter f = 100 kHz, L = 5.375
mH, C = 20 µF

point of view, the variations in the DC bus voltage can be viewed as the input

voltage disturbance for the front end converters. Therefore, voltage variations

in the specified range (± 10%) can be acceptable for the PHEV batteries. Based

on this, VS−1 and VS−2 are configured at 360 V (10% below Vdc) and 440 V (10%

above Vdc) respectively. The switching frequencies for all of the DC/DC convert-

ers is 100 kHz while the switching frequency of G-VSC is 10kHz. The threshold

value of the demand on the distribution transformer is set at 41.5 A. A 100 V/50

Ah battery is modeled by using the state of charge according to the following

equations [91]:

E = E0 − k
Q

Q−
∫

idt
+ Ae−B.

∫
idt and (5.45)

V = E− R.i, (5.46)

where E0, E, and V are the battery constant voltage, no-load voltage, and terminal

voltage respectively. Q is the battery capacity, I is the battery current, and R is the

battery internal resistance. K, A and B are the polarization voltage, exponential

zone amplitude, and inverse time constant, respectively.

During the simulation, the charging and discharging rate of the battery are
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set at 1200 times the actual rate (the time constant in the integral term of
∫

idt is

set at 3 s instead of the actual value of 1 hr, that is, 3600 s) in order to simulate

the conditions of high/low battery capacity.

Table 5.3: PHEV charging profile

Priority
Order

PHEV
Model

Battery
Capacity

Initial
SOC

Final
SOC

Duration
of Stay

PHEV
Load
Demand

1 Toyota
Prius 4.4 kWh 0% 100% 1 hr 4.4 kW

4 Nissan
Leaf 24 kWh 40% 90% 6 hr 2 kW

3 Tesla
Model S 85 kWh 50% 90% 5 hr 6.8 kW

2 Chevy
Volt 16 kWh 20% 90% 4 hr 2.8 kW

Simulation studies are carried out in accordance with the various operation

conditions and control modes previously outlined, that is:

Case 1) The WPCF is connected to an external AC grid with normal wind and

load variations;

Case 2) The charging rate of the low priority PHEVs is reduced temporarily dur-

ing the peak demand period;

Case 3) During very low wind speeds and high peak load demand, the ESU is

required to charge the PHEVs;

Case 4) The worst case scenario wherein the ESU is completely discharged dur-

ing the peak load period. In this case few PHEVs are not completely

charged.

5.5.1 Case 1

Figure 5.15. shows the simulation results for Case 1, and Table 5.4 lists the

main operation events. At time t = 0 s, PHEV-1 enters the charging facility and
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starts charging with a load demand of 4.4 kW as shown in Figure 5.15 (c). The

wind speed is 7.2 m/s and the wind turbine generates approximately 5 kW as

shown in Figure 5.15 (a) and (b) respectively. Since the system is grid-connected

the DC bus voltage is controlled by the G-VSC at the reference voltage level of

400 V as shown in Figure 5.15 (d). From Figure 5.15. and Table 5.4, the following

events can be observed:

Table 5.4: Main operation events for Case 1

Events Operation Condition Time (S)

1 PHEV-1 starts charging 0

2 PHEV-2 starts charging 1.5

3 PHEV-1 leaves the facility and PHEV-3 starts charging 3

4 Wind Speed increases from 7.2 m/s to 8.6 m/s 3.5

5 PHEV-4 starts charging 4

6 PHEV-4 leaves the parking lot and the wind speed reduces to 8.2 m/s 16

7 PHEV-3 leaves the charging facility 18

8 Wind speed reduces to 7.7 m/s 19

9 PHEV-2 leaves the charging facility 19.5

Event 1 : PHEV-1 starts charging.

Event 2 : PHEV-2 starts charging. DC link voltage reduces momentarily due to the

increase in PHEV load demand. As shown in Figure 5.15 (f) the supplementary

power flows from the grid to the charging facility.

Event 3, 4, 5 : Events 3, 4 and 5 represent the variation in PHEV load demand

and the wind speed. At t = 3.5 s the wind speed increases from 7.2 m/s to 8.6

m/s which results in a momentary increase in DC link voltage. Since PPHEV >

PWind power continues to flow from the grid to the charging facility.

Event 6, 7 : PHEV-4 and PHEV-3 are completely charged and they leave the

charging facility. Due to the decrease in PHEV load demand there is a momentary

increase in DC link voltage as shown in Figure 5.15 (d).

Event 8, 9 : At t = 19 s wind speed reduces to 7.7 m/s. PHEV-2 is completely
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charged at t = 19.5 s. The DC link voltage momentarily increases to a very high

value due to the negligible load demand. The charging facility now operates in

Mode-2 and represents a grid-connected wind energy system. From Event 1 to

Event 8 the variation in DC link voltage is within the threshold limits i.e., 360 V <

VDC−link < 440 V and therefore the operation of the charging facility is in Mode-1.

5.5.2 Case 2

The operation of the charging facility during the peak load period is studied

in this case and Figure 5.16 and Table 5.5 show the simulation results and the

main operation events, respectively. At time t = 0 s, PHEV-1 starts charging with

a load demand of 4.4 kW as shown in Figure 5.16 (c). The wind speed is 7.2 m/s

and the wind turbine generates approximately 5 kW as shown in Figure 5.16 (a)

and (b) respectively. The surplus power generated by the wind turbine (0.6 kW)

is delivered to the grid by the G-VSC as shown in Figure 5.16 (g). During the

peak demand period, the charging of the PHEV with the lowest priority order

is terminated first followed by the PHEV in the next priority order. The priority

order of the PHEVs is described in Table 5.3 and the associated control strategy

has been described in Section 4.4.2. According to Figure 5.16 and Table 5.5, the

following events can be observed.

Events 1 to 5 : Events 1 to 5 represent the variation in PHEV load demand and

wind speed. As shown in Figure 5.16 (d) the variation in the load and wind speed

causes momentary change in the DC link voltage. Initiation of PHEV charging

during events 2, 3 and 5 results in a dip in DC link voltage (due to the increase

in PHEV load demand). The control on the G-VSC detects the dip in DC link

voltage and increases the power flow from the grid to the charging facility and

therefore maintains the DC link voltage level at the reference value of 400 V.

Events 6, 7 : At time t = 7 s the load demand on the distribution transformer
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Figure 5.14: WPCF operation during Case 1. (a) Wind speed. (b) wind Power. (c)
PHEV load demand. (d) DC link voltage (e) Load demand. (f) Power from the
grid to WPCF. (g) Power delivered to the grid. (h) Load current.
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exceeds its rating of 15 kVA. It can be seen from Figure IDMD exceeds IDMD−max

(41.5 A). In general the distribution transformers are designed to withstand the

peak load demand for few seconds before the overload relay trips. In order to

reduce the demand on the distribution transformer the rate of charging of the

PHEV in the lowest priority order is reduced following the control algorithm

described in Section 5.4.2 (B). Accordingly the charging of PHEV-2 which is last

in the priority order is terminated temporarily and the rate of charge of PHEV-

3 is reduced from 6.8 kW to 5.3 kW. As shown in Figure 5.16 (h) and (c), the

controller acts swiftly and the load demand (IDMD)falls below the threshold limits

(IDMD−max) in 0.5 s.

Events 8, 9 & 10 : At t = 16 s it can be seen from Figure 5.16 (e) that there is a

drop in the load demand on the distribution transformer. Therefore the charging

of the PHEVs which was earlier terminated or rate reduced is now resumed. Since

PHEV-3 is at a higher priority order compared to PHEV-2 it is charged ahead of

PHEV-2 and in order to meet the departure time its charging is promoted to level-

1. Once PHEV-3 is completely charged at t = 18 s PHEV-2 is promoted to level-1

and it gets charged at t = 19.5 s. Since the charging of all the PHEVs has been

accomplished the load demand in the charging facility is negligible. Therefore the

DC link voltage momentarily increases to a very high value due to the negligible

load demand. The charging facility now operates in Mode-2 and represents a

grid-connected wind energy system.

5.5.3 Case 3

This case describes the operation and control of the ESU in the charging fa-

cility during the periods of low wind speed and high peak load demand. Figure

5.17 and Table 5.6 show the simulation results and the main operation events,

respectively. Two PHEVs, Toyota Prius with a load demand of 4.4 kW and Tesla
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Figure 5.15: WPCF operation during Case 2. (a) Wind speed. (b) Wind power. (c)
PHEV load demand. (d) DC link voltage (e) Load demand. (f) Power from the
grid to WPCF. (g) Power delivered to the grid. (h) Load current.
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Table 5.5: Main operation events for Case 2

Events Operation Condition Time (S)

1 PHEV-1 starts charging 0

2 PHEV-2 starts charging 1.5

3 PHEV-1 leaves the facility and PHEV-3 starts charging 3

4 Wind Speed increases from 7.2 m/s to 8.2 m/s 3.5

5 PHEV-4 starts charging 4

6 Load demand on the distribution transformer exceeds IDmax 7

7 Charging of PHEV-2 is stopped temporarily 7.5

8 PHEV-4 is charged completely. Priority level of PHEV-3 is promoted to level-1 16

9 PHEV-3 leaves the charging facility. Charging priority level of PHEV-2 is shifted to level-1 18

10 PHEV-2 leaves the charging facility 19.5

Model S with a load demand of 6.8 kW are considered. The arrival and departure

times of the PHEVs is shown in Table 5.3. In the simulation the ESU starts dis-

charging during the period of high peak load demand. The ESU starts charging

once all the PHEVs are completely charged. According to Figure 5.17 and Table

5.6, the following events can be observed.

Table 5.6: Main operation events for Case 3

Events Operation Condition Time (S)

1 PHEV-1 starts charging 0

2 PHEV-1 leaves the facility and PHEV-2 starts charging 1.5

3 Wind Speed reduces to zero, load demand exceeds IDMD−max 10

4 Charging rate of the PHEV-2 is reduced and ESU starts discharging 10.1

5 Load demand reduces (IDMD < IDMD−max) 13

6 PHEV-2 is charged completely. ESU starts charging 16.5

7 ESU is charged completely. 19

Events 1,2 : At time t = 0 s PHEV-1 starts charging. PHEV-2 starts charging at

1.5 s and PHEV-1 gets completely charged.

Event 3,4 : At time t = 10 s the power generated by the wind turbine reduces

to zero and the load demand on the distribution transformer also exceeds its
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limts as shown in Figure 5.17 (a) and (b). This scenario demands the charging

of the PHEV to be terminated but the presence of ESU facilitates the charging

process without interruption. The ESU switches its control from standby mode

to discharging mode in order to supply the PHEV load demand. The WPCF

now operates in Mode - 3.

The power that can be delivered by the ESU (PESU) for a period of 1 hour can

be calculated based on Equation 4.42 and the data given in Table 5.2 and it is

obtained as 3.5 kW. Since PPHEV > PESU the rate of charging of PHEV - 2 is

reduced until PPHEV = PESU based on the procedure described in Section 4.4.2

(B). Therefore from t = 10 s - 13 s the ESU acts as a source and its SOC decreases

as shown in Figure 5.17 (e). PHEV-2 which was earlier charging in level - 3 now

charges at level - 4. The battery capacity required to support the charging of

PHEVs can be calculated by estimating the PHEV load demand during the peak

load period. This can be done by means of in-dept probabilistic analysis which

is beyond the scope of this dissertation.

Event 5 : As shown in Figure 5.17 (b) there is a drop in the load demand and

increase in wind turbine power at t = 13 s. The ESU stops discharging and the

PHEV load demand is now met by the wind turbine and the grid. The charging

rate of PHEV-2 is now promoted to level - 2 as shown in Figure 5.17 (c) so as to

charge it completely within the scheduled departure time.

Event 6,7 : At t = 16.5 s PHEV-2 is completely charged and it leaves the charging

facility. The ESU which was in discharging mode during the peak load period

now starts charging and its SOC increases as shown Figure 5.17 (e). Figure 5.17

(g) shows the charging power of the ESU. At t = 19 s the ESU is completely

charged and the WPCF now operates in Mode - 2.
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Figure 5.16: WPCF operation during Case 3. (a) Wind power. (b) Load demand.
(c) PHEV load demand. (d) Power from the ESU (e) SOC of the ESU. (f) DC link
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5.5.4 Case 4

This case describes the operation of the charging facility during the worst

case scenario wherein the ESU is completely discharged during the peak load

period with low wind speed. Figure 5.18 and Table 5.7 show the simulation

results and the main operation events, respectively. Two PHEVs, Toyota Prius

with a load demand of 4.4 kW and Tesla Model S with a load demand of 6.8 kW

are considered. The arrival and departure times of the PHEVs is shown in Table

5.3. In the simulation the ESU is completely discharged during the period of high

peak load demand. Hence the charging of the PHEV is temporarily terminated.

According to Figure 5.18 and Table 5.6, the following events can be observed.

Events 1 - 4 : Events 1 - 4 are similar to the ones discussed in Case - 3. The ESU

starts discharging at t= 10 s as shown in Figures 5.18 (d) and (e) and facilitates

the charging of PHEV-2 during the period of peak load demand.

Event 5 : At t = 13 s the ESU is completely discharged and the peak load

demand still exists. As shown in Figure 5.18 (e) the SOC of the ESU reduces

to 20% at t = 13 s. Since the power generated by the wind turbine is almost

negligible the charging of PHEV-2 is temporarily terminated at t = 13 s as shown

in Figure 5.18 (c).

Event 6 : At t = 15 s the power generated by the wind turbine increases and the

utility load demand falls below the threshold limits as depicted in Figures 5.18

(a) and (b). Therefore the charging of PHEV-2 now resumes. In order to meet

the departure deadline it is promoted Level - 1 charging. It has to be noted that

PHEV-2 started charging at t = 1.5 s and since its duration of stay is 5 hrs (i.e.,

15 s) it departs at t = 16.5 s.

As per Equation (4.42) the power required to charge the PHEV from t = 15 s

until its departure time of 16.5 s is around 22 kW. It can be seen from Figure
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5.18 (a) that the power generated by the wind turbine is around 4 kW. The

supplementary power of 18 kW has to be delivered by grid but the distribution

transformer is rated at 15 kVA (12 kW considering 0.8 pf load). Since the utility

load is around 6 kW the maximum power that can be delivered by the grid

to the charging facility is 6 kW (12 - 6). Hence PHEV-2 is cannot be charged

completely. As shown in Figure 5.18 (g) the SOC of the PHEV is around 80% by

the time it departs the charging facility. Accordingly the customers are priced

at a lower rate for charging.

Events 7, 8 : At t = 16.5 s PHEV-2 leaves the charging facility. This is evident

from the momentary increase in DC link voltage as shown in Figure 5.18 (f).

Therefore the ESU now starts charging and once it is completely charged the

power generated by the wind turbine is delivered to the grid. The charging

facility now operates in Mode - 2.

Table 5.7: Main operation events for Case 4

Events Operation Condition Time (S)

1 PHEV-1 starts charging 0

2 PHEV-1 leaves the facility and PHEV-2 starts charging 1.5

3 Wind Speed reduces to zero, load demand exceeds IDMD−max 10

4 Charging rate of the PHEV-2 is reduced and ESU starts discharging 10.1

5 ESU is completely discharged 13

6 Load demand reduces (IDMD < IDMD−max). Charging of PHEV-2 is resumed 15

7 PHEV-2 leaves the charging facility with 80 % SOC. ESU starts charging. 16.5

8 ESU is charged completely. 19

5.6 Experimental Evaluation

To verify the proposed control scheme for WPCF, experimental tests based

on a scale-down version have been carried out in the laboratory. Figure 5.18
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shows the experimental setup of the system. As shown in the figure the setup

consists of an emulated wind turbine, 3-phase diode bridge rectifier, high voltage

(HV) DC/DC boost converter by TI, power pole boards in buck and buck-boost

configuration from Hirel. Two batteries are used which function as an ESU and

PHEV respectively.

DC/DC Buck Converter

DC/DC BoostComputer with 

CCS

DRV8312 Motor 

control kit

Power Supply

Induction motor
Synchronous 

machine

Battery as ESU

Battery as PHEV

DC/DC Buck Boost 

Wind turbine Emulator

Diode

Bridge

Figure 5.18: Lab scale implementation for experimental testing.

The conventional characteristics of a wind turbine are emulated by control-

ling a 3-phase induction motor with TI’s HV motor control kit. A single DSP

processor generates the required switching signals to control the DC/DC and

DC/AC converters. The working of the emulator and other important compo-

nents of the setup are described in the following sections.

Wind Turbine Test Bench System

In the proposed wind turbine test bench system (WTTBS) , the power-speed

characteristics of a wind turbine are physically implemented by an induction

motor drive. The shaft power Pm and speed ωr of the induction motor represent

the power and speed of the wind turbine rotor. The induction motor is coupled to
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a permanent magnet synchronous generator (PMSG) and it is fed by an inverter.

The switching signals for the inverter are generated using Field oriented control

technique (FOC).

The structure of the wind turbine emulator is depicted in Figure 5.19. A four-

pole 1/4 hp/208 V squirrel-cage induction motor is used to emulate the wind

turbine. The emulated power speed characteristics obtained for various values of

the wind speed VW are represented in Figure 5.20. A DSP based control system is

developed to reproduce the turbine characteristics. The control is performed via a

PC using code composer studio IDE. The measured shaft torque, rotor speed and

wind speed are fed into the digital signal processor which generates the required

current and frequency commands for the inverter. The inverter is present within

the TI’s high voltage motor control kit and the required switching signals are

generated by C2000 TMS320F28069 DSP microcontroller.

Induction 

Motor Generator

Torque

Speed

Current 

FrequencyFrequency

Three Phase 

Inverter

Controller

Figure 5.19: Structure of wind turbine test bench system.

Figures 5.21 and 5.22 depict the various stages present on the high voltage

motor control kit to power the induction motor. The kit requires two inputs

: 15 V DC power supply which powers the controller and the supporting cir-
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invaluable. This provides the system designer an opportunity to optimize his/her

system for the real world.
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cuitry and a 120 V AC input to run the motor. As shown in Figure 5.21, the

TMS320F28069 control card is embedded within the motor control kit. The re-

quired wind speed profiles and FOC logic are programmed into the control card

through CCS IDE. Field oriented control of induction motor provides robust and

cost effective method to replicate the static and dynamic characteristics of wind

turbine system. To simplify the working of WTTBS a look up table is created for

various values of wind speed. As shown in Table 5.8 for each value of wind speed

a particular value of rotor speed and torque are generated. The rotor speed and

the torque vary according to the load conditions.

Table 5.8: Rotor speed and torque for various wind speeds

Wind Speed ωopt[rad/s] Torque[N-m] Pmech,max[W]

6 20 1.125 22.5

8 28 1.71 48

10 36 3 110

12 44 4.14 182

5.7 Experimental Results

Experimental tests have been carried out in terms of transient-performance

between different modes and the results are provided. The nominal DC link

voltage is set at 100 V. Based on the allowable threshold voltage limits VS−1 and

VS−2 are chosen as 90 V and 110 V respectively. A 12 V 5 Ah lead acid battery is

used as the PHEV and it is charged at the rate of 60 W/hr. Figures 5.23 through

5.26 explain the experimental results for the various modes of operation.

Figure 5.23 shows the transition from Mode-1 to Mode-3. As shown in the

figure a wind speed command of 8 m/s is given to the emulator and it generates

a power 48 V as per Table 5.8. Since the battery is charged at 60 W/hr, the
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supplementary power of 12 W is provided by the grid. A sudden decrease in

wind speed to 0 m/s shifts the control to Mode-3 wherein the DC/AC G-VSC

functions as a rectifier.

Figure 5.24 describes the inversion operation during Mode-1. An increase in

wind speed command from 6 m/s to 10 m/s increases the generated power by

the emulator to 110 W. The additional power of 50 W is delivered to the grid. The

current flowing to the grid can be seen in the figure. The grid current reduces to

zero once the wind speed falls to 8 m/s since there is no surplus power.

Figure 5.26 shows the transition from rectification mode to inversion mode

once the buck converter is tuned off. During the time when the buck converter

is on (i.e., the battery is charging) the required power is delivered by the wind

turbine and the grid. As shown in the figure when the buck converter is turned

off (as shown in Figure 5.26) the G-VSC switches its operation from rectifier mode

to inverter mode.

VDC-link

IGrid

IBuck

0.2 A
1 A 0.625 A

5 A

100 V

VW = 8m/s VW = 0m/s VW = 6m/s

C1 : 20 V/div C2 : 1 A/div C3 : 2.5 A/div

Figure 5.23: Mode-1 to Mode-3.

The transition from Mode-1 to Mode-2 is shown in Figure 5.25. It can be seen
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Figure 5.24: Grid inversion during Mode-1.

from the figure that the DC link voltage increases beyond 110 V when the buck

converter is turned off. This is similar to the case wherein the PHEV leaves the

charging facility once it is completely charged. The power generated by the wind

turbine is now delivered to the grid.

VW = 6m/s VW = 8m/s

VDC-link 100 V

IGrid

IBuck

0.8 A

0 A

C1 : 20 V/div C2 : 1 A/div C3 : 2.5 A/div

Figure 5.25: Mode-1 to Mode-2.

131



VW = 6m/s VW = 8m/s

VDC-link 100 V

Inversion Mode

Rectification 

Mode

IGrid

0.8 A

0.625 A 0.2 A

C1 : 20 V/div C2 : 0.2 A/div C3 : 0.5 A/div

Figure 5.26: Transition from rectification to inversion.

5.8 Summary

This chapter proposed a distributed control strategy based on DC link volt-

age sensing for a charging facility featuring small scale wind turbine. Based on

the change in DC link voltage levels various operating modes are considered.

The proposed control strategy is simple, unique and enables maximum utiliza-

tion of wind power for charging the PHEVs. The feasibility and effectiveness of

the proposed control strategy has been validated both by the simulations as well

as experimental results.
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Chapter 6 Conclusions and Future Work

This dissertation proposes a new architecture and control for Plug-in Hybrid

Electric Vehicle (PHEV) charging facilities integrated with photovoltaic (PV)/wind.

The problem being the increase in load on the distribution transformer due to the

future high penetration of PHEVs. This work poses an immediate need to in-

vestigate ways to reduce the stress imposed on the distribution network. The

proposed architecture and control for PHEV charging facilities will provide the

flexibility to charge the vehicle from a renewable source of energy, thus mitigating

the impact on the distribution transformer.

A comprehensive solution for the posed problem involved -

• Development of a robust controller logic based on DC link voltage sensing

to charge the PHEVs.

• Verifying the feasibility of the proposed system with the help of MATLAB-

Simulink.

• Developing a DSP based laboratory prototype of the Power Conditioning

Unit (PCU) and validating the proposed control strategy.

Several case studies are considered including worst case scenarios such as

low power from PV/wind during peak load conditions. From the case studies it

can be concluded PHEVs can be charged during the daytime without replacing

the existing distribution transformers with the one’s with higher kVA rating .

Thus the proposed PV/wind based charging facilities provide a economically

viable solution for the utilities. Also, it is important to note that PV/wind harbors

a great advantage, in that the extra energy can be injected into grid, which can be

used to balance the PV/wind turbine installation costs.
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Future Work

Probabilistic Analysis

In the proposed control algorithm several assumptions are made regarding

the size of the PV, arrival and departure times of the PHEVs and their initial

SOC when they arrive at the charging facility. These quantities, despite their

randomness, are crucial parameters when the energy within this system is to be

managed and controlled.

In order to emmulate a real world charging scenario in public parking facil-

ities, various models have to developed as an attempt to model these uncertain

quantities using regression techniques based on historical data or statistical tech-

niques based on probability distribution functions (pdfs). The proposed controller

can be made real-time by updating the load data of the distribution transformer

from the utility every 15 min. The rating of the ESU can be estimated by consid-

ering the variation in the PV/wind generation during the peak load period.

LVDC Microgrid

The proposed control strategy based on DC link voltage sensing can be ex-

tended to low voltage DC (LVDC) microgrids. Figure 6.1 shows one such ex-

ample, which represents the electrical layout of remote telecom DC distribution.

As shown in the figure the renewable energy resources such as the PV/wind are

connected to DC bus through power electronic converters. Nevertheless, their

last conversion stage is ordinarily based on a DC/DC converter. Therefore the

concept of DC link Voltage sensing can be applied for effectively managing the

direction of power flow.

134



IEEE Electr i f icat ion Magazine / MARCH 201458

from dedicated dc power architecture. One example of such 
an architecture, i.e., the typical telecommunication power 
supply system, is presented in the next section.

Telecommunication Industry
The −48 V telecommunication power supply station is 
likely the best-known example of a full-scale dc distribu-
tion. A standard measure of reliability in this kind of sys-
tem is five nines (99.999%), whereas for comparison, the 
usual requirement for the ac bulk power systems is three 
nines (99.9%). There is a big difference in the permissible 
downtime between the two, i.e., 5 min and 9 h per year, 
respectively. The reason why such a high reliability may be 
achieved in dc systems is the possibility for a direct con-
nection of the central battery stack to the common bus. 
This kind of strategy is, as in the case of consumer elec-
tronics, also popular in the telecom industry.

To have high-quality signal coverage over a large area, 
telecom companies are putting more telecom stations 
into operation. Those that are built on remote locations 
normally operate in islanded mode since they stand 
either too far from the ac utility mains or have a con-
sumption that is too low for performing cost-effective grid 
expansion. In that sense, the replacement of conventional 
diesel generators that require regular maintenance and 

refueling with RESs as the main energy sources emerges 
as an increasingly popular solution for modern installa-
tions. The battery stack then has a dual role:

1)	Backup power and stabilization: The capacity of the 
battery is usually high enough to provide long-term 
backup power and to ensure stability.

2)	Smoothing the common bus voltage: Voltage tran-
sients in the common bus that arise from fluctuating 
RES production and load profile are largely sup-
pressed by the battery polarization dynamics. It is 
worth mentioning that another dc storage technology, 
i.e., the electrochemical double-layer capacitor, is also 
often deployed for this short-term power-leveling pur-
pose since it has an exceptionally high power density.

The typical electrical layout of a remote telecom dc distri-
bution system based on RESs is shown in Figure 3. One may 
note that all components except secondary batteries are 
connected to the main bus through power electronic inter-
faces. Therefore, the required voltage levels for electronic 
loads are achieved by processing the battery voltage through 
dedicated point-of-load converters. On the other hand, RESs 
are connected through either single or double converter 
interfaces, depending on the type of the source. Neverthe-
less, their last conversion stage is ordinarily based on a dc–
dc converter with an integrated bus-signaling control 
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Figure 3. The electrical layout of a remote telecom dc distribution system.

A distributed resolution of the 
aforementioned control strategy 
gained a lot of popularity in industry 
since it enables the plug-and-play 
feature for additional sources.

Figure 6.1: The electrical layout of a remote telecom DC distribution system.

1536 IEEE TRANSACTIONS ON SMART GRID, VOL. 4, NO. 3, SEPTEMBER 2013

Fig. 3. Single-line diagram of the Belgian LV grid feeder.

TABLE I
PV INSTALLED CAPACITY ON DIFFERENT BUSES

indicated in Fig. 3. The feeder is part of a larger LV grid com-
posed of 9 feeders in total; additional information of the whole
grid can be found in [18]. The feeder serves 33 residential cus-
tomers and it counts of 9 roof-mounted PV systems with total
capacity installed of 42.6 kW; the feeder is composed of 7 buses
in total, where 4 out of 7 host PV generation: bus 2, 4, 5, and
7, respectively. The PV capacity installed on each bus is indi-
cated in Table I. The objective is to identify the ESS charging
power for voltage regulation, considering the different pos-
sible buses. Furthermore, the energy requirement is quanti-
fied by time-series simulations.

Definitions

The definition of energy penetration given in [34] is used in
this paper with regard to PV penetration:

(16)
Based on (16), the PV energy penetration in a feeder is the ratio
of the amount of energy produced from PV to the total energy
consumption, normally calculated on an annual basis. For this
case study, the PV energy penetration is about 28%.

A. Voltage Sensitivity

Voltage sensitivity analysis [29] is performed for the LV
feeder model, to obtain all voltage sensitivity coef-
ficients indicated in Table II. Bus 7 in the feeder is found the

TABLE II
FEEDER VOLTAGE SENSITIVITY MATRIX

Fig. 4. ESS power effort for the different feeder locations.

most sensitive location in relation to voltage variation, with a
of 1.63 p.u./MW, corresponding to a voltage magnitude

increase of 3.8 V for a three-phase power feed-in of 10 kW at
the bus. It shall be noted that the coefficients are calculated with
load flow conditions of maximum PV generation (42.6 kW in
total) and no load. By performing 100 load flows, with different
load and generation conditions, a maximum sample standard
deviation is obtained (0.23 V every 10
kW of feed-in power). Based on this finding, we can conclude
that the variation of the sensitivity coefficients in relation to
the load/generation conditions has negligible influence on the
results of this paper.

Assumptions on Load and Generation Conditions

The following assumptions are made for the method imple-
mentation:
— The base grid voltage, i.e., the transformer secondary
voltage for the Belgian LV grid is 1.04 p.u. This value
is also largely adopted in other countries in Europe as
secondary voltage level [18], [31].

— The households’ demand is assumed with PF of 0.95. With
no additional information, the load at the different buses
is assumed equally distributed among the phases. For the
method application, the load is assumed to be null, so
to reproduce a worst case scenario.

— The PV units at the different buses are based on single-
phase inverter technology and operate with unity PF. The
active power feed-in by PV units at each bus is indicated in
Table I. The power feed-in can be unbalanced among the
phases. The worst case scenario considers the load flow for
the phase with highest power production.

Figure 6.2: Single-line diagram of the Belgian LV grid feeder.
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Optimal Location of PV/Wind Based Charging Facilities

This work has integrated the PV/wind system with the PHEVs present in

public charging facilities. This concept can be further extended to a LV feeders

as shown in Figure 6.2 with PV/wind penetration. Optimal location of PV/wind

energy conversion systems can be determined through stability and sensitivity

analysis. Voltage magnitude problems posed by high penetration of PV on the

distribution network can be mitigated though the concept of V2G wherein the

PHEVs act as voltage regulators.
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