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Modeling and Simulation of Distribution System Components in
Anticipation of a Smarter Electric Power Grid

by

Amir Toliyat, M.S.E.
The University of Texas at Austin, 2011
Supervisor: Alexis Kwasinski

Successful development of the electric power grid of the future, hereinafter
referred to as a smart grid, implicitly demands the capability to model the behavior,
performance, and cost of distribution-level smart grid components. The modeling and
simulation of such individual components, together with their overall interaction, will
provide a foundation for the design and configuration of a smart grid.
It is the primary intent of this thesis, to provide a basic insight into the energy
transfer of various distribution-level components by modeling and simulating their
dynamic behavior. The principal operations of a smart grid must be considered, including
variable renewable generation, energy storage, power electronic interfaces, variable load,
and plug-in electric vehicles. The methodology involves deriving the mathematical
equations of components, and, using the MATLAB/Simulink environment, creating
modules for each component. Ultimately, these individual modules may be connected
together via a voltage interface to perform various analyses, such as the treatment of
harmonics, or to acquire an understanding of design parameters such as capacity,
runtime, and optimal asset utilization.
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Chapter 1: Introduction
As the demand for electricity continuously grows, its generation, transmission, and
distribution must provide accordingly in order to sustain the economy and way of life. This
means that the grid, already aging and becoming frailer, will experience even more stress.
Although the rapid growth in technology throughout past decades has been humbling—from
advances in wireless communication and television, to impressive improvements in automobiles
and aviation—one major network, the grid, has remained stagnant in its development. In fact,
much of the current grid was designed over 60 years ago, making it outdated in comparison.
1.1

THE CURRENT GRID
As an expansive network responsible for many critical infrastructures, including energy,

communications, transportation, water, and food supply, it is no surprise why the grid, as it exists
today, is so vital yet so vulnerable. Many of the components of the grid are susceptible to both
natural and man-made disasters. The transmission system alone is a reason for concern, as more
than 150,000 miles of it extend unprotected across bare countryside [1]. Today‘s grid supports
the generation, transmission, distribution, and control of electricity; however, there are several
means of accomplishing these, as will be discussed later. Electricity is generated from various
forms of energy, be it coal, natural gas, or nuclear, to name a few. After its generation, the
electricity is stepped up to a higher voltage, where it is subsequently transmitted over relatively
long distances. Once transmitted, it arrives at a substation, where it is stepped down in voltage,
then distributed within the distribution network; some of the common ―standard‖ distribution
voltage levels are 34.5 kV, 23.9 kV, 14.4 kV, 13.2 kV, 12.47 kV, and 4.16 kV [2]. Finally, the
electricity is stepped down once again from the distribution-level voltage to the necessary service
voltage.
The existing structure of most distribution networks is radial, as depicted in Fig. 1. In this
topology, power is transferred in only one direction from a particular source to various delivery
points. Although this is the cheapest and simplest topology, its disadvantage is that a disruption
1

or failure at any location in the network affects all downstream customers. Another characteristic
of the existing grid is that the generation and consumption of electricity must be balanced,
because electricity is consumed nearly instantly after it is generated. The drawback of this is that,
in the event of a large uncompensated failure in the grid, the power delivered from generators are
rerouted over transmission lines that do not have the capacity to maintain the excess electricity,
resulting in further failures. An additional disadvantage of the generation-consumption
interdependency is that any surplus energy would be wasted if it were not consumed almost
immediately.

Figure 1:

Radial distribution grid topology (black square represents point of generation;
orange dots represent points of consumption)

An alternative to the radial topology is the mesh network topology shown in Fig. 2. Here,
power flow is not constrained to only one direction. Also, not only is each node responsible for
consuming its own power, but it must also collaborate with other nodes to propagate power in
the network. Therefore, in the event of a failure to a portion of the grid, the nodes can reroute
power to the affected area, so that customers are not left without power for long periods of time.
2

Although more reliable in contrast to the radial topology, the mesh network is more expensive
and more complex.

Figure 2:

Mesh network distribution grid topology (orange dots represent points of
consumption)

The introduction of new technologies such as renewable energy sources, plug-in electric
vehicles, and energy storage is reshaping the traditional model of a distribution network, as well
as how, when, and where power is delivered. A modernized grid is not only desirable, but also
necessary, because the current grid is becoming increasingly unreliable. Within the past 40 years,
five massive blackouts have resulted from grid failure—three of which have been in the past
decade alone [3]. The economic cost associated with such events is tremendous, which is only
one of the many reasons why the grid must be revamped.
1.2

TOWARD A MODERN GRID
Taking into account that the present means of producing and consuming energy may not

suffice for long, it is advised that certain improvements be made in order to fulfill society‘s
growing demand for electricity, and in so doing, develop a more stable grid. Several goals have
been instituted for an advanced grid of the 21st century. In particular, a modern grid will be safer,
more reliable, more secure, more economic, more efficient, and more environmentally friendly
[4]. By equipping distribution systems with digital technology, allowing for a real-time two-way
flow of energy and data, integrating renewable energy sources and energy storage, increasing

3

distributed generation, and heightening user-controlled power management, the concept of a
smart, modern grid can become reality.
A desirable feature of a smart grid is the ability of consumers to return excess power to
the grid. For this to be accomplished, renewable energy sources such as solar and wind power
must be integrated into the distribution system, where home or business owners seek to actively
manage consumption based on real-time information regarding energy usage. However, an
important consideration is that solar and wind are variable power sources, which may be
available when not needed, or conversely, may not be available when needed. To overcome this
variability in supply, energy storage technologies should be employed to make the system more
predictable and to enable more efficient use of resources. Furthermore, energy storage is also
conducive to maintaining the balance between generation and consumption. As mentioned
previously, the balance between generation and consumption must be sustained if the power
system is to remain stable. If this balance is disturbed, the dynamics of generators and loads can
cause the system frequency and/or voltages to vary, leading to system collapse [5]. Thus, energy
storage provides an additional degree of flexibility welcomed in a system where variability is not
only evident in the load profile, but also in the supply side. Additionally, as the adoption of plugin electric vehicles becomes more widespread, their batteries will likely be considered as
distributed mobile storage, rendering them an important feature of a modernized distribution
grid. These vehicles also provide a benefit of reducing the burden placed on the grid, as
consumers will be encouraged to charge their vehicles at night, i.e., off-peak, and later dispatch
the power back into the grid during the day when the vehicles are parked at home or at work. The
integration of these technologies will undoubtedly alter the conventional design of the grid and
may lead to an architecture resembling that shown in Fig. 3.

4
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Potential smart grid architecture

A smart grid provides opportunities to be more efficient and more economic by
minimizing grid operator response time. One manner in which a smart grid promotes efficiency
is through its network of smart meters and controls that are widely installed within the grid. This
allows for the constant relay of information and hence enables operators to be aware of the grid‘s
behavior at any one time. Such a scenario is much more favorable than the current situation,
where delays often result from consumers having to call operators to inform them of a power
outage. The inefficiency inherent in these delays represents wasted time and valuable
productivity. The smart meters and controls, together with the mesh network topology described
earlier, can empower the grid to make automated, self-healing decisions. Additionally, the
opportunity to be more efficient emerges from how electricity is presently delivered. That is, by
knowing exactly how much energy is needed minute by minute, operators can avoid flooding the
lines with electricity. Flooding the lines with electricity is undesirable because the informationdeprived electricity delivered by the operator is often more than needed; therefore, its allocation
is deemed inefficient.
Moreover, a modernized grid will also ensure greater security, as it will facilitate a less
centralized infrastructure that is less prone to threats and attack. When considering the
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potentially catastrophic effects a seemingly harmless tree branch can have on a large portion of
the network, the vulnerabilities of the grid become glaringly evident. Even more worrisome is
the prospect of much more malicious intentions such as cyber-attacks or terrorism. In the event
of such perils, ordinary living conditions are considerably affected—delivery systems for oil and
water cannot function, communication capabilities may be unavailable, rail and air travel is
disrupted, and homeland security is jeopardized. At the home and business level, the lack of air
conditioning creates unfavorable circumstances for survival. However, with the benefits of a
smart grid, electricity can be supplied from hundreds of distributed sources, and, via advanced
controls and communication, rerouted and restored quickly, thus providing for critical loads and
avoiding large-scale outages.
The advantages of a clean-energy smart grid are undeniably vast; they encompass the
expansion of renewable electricity, increased reliability and security, and enhanced energy
efficiency. However, without properly understanding and modeling the impact of smart grids,
these ambitious priorities cannot be advanced.
1.3

PURPOSE AND ORGANIZATION OF THESIS
This thesis develops a framework for modeling a modernized distribution grid. The

MATLAB/Simulink software package is used to model and analyze the dynamic response of
various distribution-level components intended to constitute a smart grid. The approach taken
involves creating what will be referred to as ‗blocks‘ for the individual components, where each
block masks the mathematical, or, where applicable, dynamic equations of the associated
component. The motivation behind such an approach is to produce an environment whereby the
components can eventually interface together to represent certain portions of an advanced
distribution grid. The specific components concerned with in this thesis include photovoltaic
arrays, the electric grid, a load representative of a typical air-conditioning unit, conductor cables
(ac and dc), batteries for energy storage (charging and discharging modes), plug-in electric
vehicles, and power electronic interfaces (buck converter, boost converter, rectifier, inverter).

6

Chapter 2 and Chapter 3 are parallels of one another, in that the modeling of components
is explained in the former, and the simulations/results of the proposed models are evaluated in
the latter.
Chapter 4 concludes the thesis and mentions improvements and suggestions for future
work.

7

Chapter 2: Modeling of Components
This chapter details the modeling of various distribution system components by deriving
their dynamic equations (where applicable). The mathematical equations derived in this chapter
will be used in the subsequent chapter to create modules, or ‗blocks‘, that represent each
component. Parameters of interest for the components include voltage, current, and power
(generated/consumed/transferred).
2.1

PHOTOVOLTAIC ARRAY
Photovoltaic (PV) power generation is a viable solution for promoting distributed

generation, reducing carbon emissions, and satisfying the overall obligation for a modernized
grid. It is therefore essential that the grid be expanded to support significant increases in the
penetration of renewable energy. Dynamic modeling and simulation of PV arrays are important
for predicting energy production and making informed technical and economic decisions.
Furthermore, since PV systems are usually deployed in a highly dispersed fashion and in the
lowest voltage portions of the grid, they represent challenges for understanding how their high
penetration levels might impact system operations [6].
The model developed in this thesis is an adaptation from [7], with several modifications
that contribute to the pertinence of the analysis intended for in this work. As with any PV array,
the equation describing the I-V characteristic of an ideal PV cell is

  qV  
I  I pv,cell  I 0,cell exp 
  1
akT



(2.1)

Id

where Ipv,cell is the current generated by the incident light, Id is the Shockley diode equation, I0,cell
is the reverse saturation current of the diode, q is the electron charge, k is the Boltzmann
constant, T (in Kelvin) is the temperature of the p-n junction, and a is the diode ideality constant
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[7]. In reality, however, (2.1) does not accurately represent practical PV arrays; therefore, the
inclusion of additional parameters is required according to the following equation [8]:

  V  Rs I   V  Rs I
  1 
I  I pv  I 0 exp 
V
a
Rp
t

 


(2.2)

where Ipv and I0 are the photovoltaic and saturation currents, respectively, of the array, Vt =
NskT/q is the thermal voltage of the array with Ns cells connected in series, Rs is the equivalent
series resistance of the array, and Rp is the equivalent parallel resistance of the array [7]. The
relationship between an ideal PV device and a practical one is illustrated in Fig. 4.

practical PV device
I

ideal PV device
Rs
Ipv

Figure 4:

Rp

Id

V

Relationship between an ideal PV device and a practical PV device

Although more sophisticated models in [9]-[14], as well as more simplified models in
[15]-[21] have been proposed, the single-diode model of the practical PV device shown in Fig. 4
offers a good compromise between simplicity and accuracy, and has frequently been used by
authors in other works [22]-[36]. The more sophisticated models involve two-diode or threediode topologies, whereas the more simplified models neglect resistances Rp and Rs. The light-

9

generated current of the PV cell, Ipv, in (2.2) depends on the temperature and solar irradiation,
and is derived according to [32], [37]-[39]
I pv  I pv,n  K I T 

G
Gn

(2.3)

where Ipv,n is the light-generated current at the nominal condition (usually 25oC and 1000 W/m2),
KI is the short-circuit current/temperature coefficient, ΔT = T-Tn (T and Tn being the actual and
nominal temperatures [in Kelvin], respectively), G (watts per square meters) is the irradiation on
the device surface, and Gn is the nominal irradiation [7]. Lastly, the diode saturation current, I0,
in (2.2) may be expressed by [37], [38], [40]-[43]

I0 

I sc,n  K I  T

exp Voc,n  K V  T  / aVt   1

(2.4)

where Isc,n is the nominal short-circuit current, Voc,n is the nominal open-circuit voltage, and KV is
the open-circuit voltage/temperature coefficient [7].
PV array datasheets typically provide values for Voc,n, Isc,n, Vmp, Imp, KV, and KI. However,
the parameters Rs and Rp in (2.2) remain unknown, and their solution, which is not within the
scope of this thesis, is obtained iteratively as in [7]. After deriving Rs and Rp, the light-generated
current at nominal condition can be solved for according to:

I pv,n 

R p  Rs
Rp

I sc,n

(2.5)

At this point all parameters are known, and the model current Im, which represents the
difference between Ipv and Id in Fig. 4, is obtained and shown in Fig. 5. Additionally, the array is
assumed to be operating at the maximum power point; therefore, using the values available from
the datasheet, the load resistance can be expressed as:

10

Rload 

N ss Vmp

N pp I mp

(2.6)

where Nss and Npp are the number of series and parallel modules, respectively, in the array. As
opposed to [7], where the model generates the I-V curve of the array, the results of interest in this
thesis include the operating voltage and operating current, as well as the total power generated by
the PV array. These parameters are obtained by combining (2.6) with the circuit model in Fig. 5,
resulting in the equations of the PV array:
x2
x2


 x1  R
 N ss Vmp 
load




N


I
pp
mp






 

 x   I  x   R  N ss    x  R  N ss 
2
m
1
p
1
s


N pp  
N pp 


 P  x1  x2

(2.7)

x1
Rs
Im

+
x2

Rp

Rload

_

Figure 5:

Equivalent-circuit model of Fig. 4. (Im is a function of solar irradiance and
temperature)
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2.2

ELECTRIC GRID
Modeling the grid is necessary for analyzing its interaction with other components. The

grid is the main infrastructure for delivering electricity, and this burden can be reduced with
widespread integration of renewable energy, energy storage, and advanced communication and
monitoring technologies. Therefore, modeling the grid is important because it provides insight
into the amount of electricity required, given supply and demand.
The grid, whose circuit model is depicted in Fig. 6, can be represented by a Thevenin
equivalent circuit consisting of an ideal voltage source Vac and equivalent impedance Zeq. The
equivalent impedance is often referred to as the short-circuit impedance since it is calculated
from the short-circuit capacity at the bus where the equivalent circuit is to be placed [44]. The
short-circuit impedance is indicated by an inductor in Fig. 6, because the power system source is
more inductive than capacitive. Hence, this impedance may often be called the short-circuit
reactance as well. Rload and Lload represent the resistive and inductive components of the
collective equivalent load connected to the grid.

Zeq

x1

+
Rload
Vac

x2
_

Figure 6:

Circuit model of electric grid
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Lload

Taking x1 to be the current drawn from the grid and x2 to be the grid voltage, the dynamic
equations are derived as follows:
Vac  Rload  x1

 x1  Z  L
eq
load



 x  V  Z  x
ac
eq
1
 2


(2.8)

In order to obtain the power consumed from the grid, the power factor must first be
calculated according to:


 2  f  Lload 

p. f .  cos  tan 1 
R
load




(2.9)

Thus, it follows that:

P  x1  x2  p. f .

(2.10)

It should be noted that the above is only true for circuits with single frequency
waveforms, and may not be true when harmonic-producing power electronics circuits are added.
Since the grid is modeled as a linear component in this thesis, (2.10) is valid.
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2.3

LOAD
One important issue to assess in modeling a distribution system is the demand for

electricity, or load, which is the driving force on the power system. The load on a power system
results in response to the processes taking place in devices or appliances. Since not enough is
known about the load characteristics and their fairly random nature, simplifying assumptions
have been made so far to model loads in various power system studies [45].
Air conditioning comprises a major portion of the total residential load, especially during
the summer. Therefore, controlling air conditioning offers potentials for controlling the total load
on the system. This is where load management promises to have positive outcomes in a smart
grid, where customer electric loads are controlled during times of peak usage. By controlling
equipment such as air conditioning, load management helps in shifting the load peak to times
when customers do not use as much electricity. Load management strategies, which are cost
driven and rely on timely information, reduce the peaks and valleys in the demand profile, hence
making it ideally constant [46]. Aside from the detrimental impacts related to cost, efficiency,
and resources, an overwhelming air conditioning load may lead to voltage instability, and
ultimately, system collapse [47]-[49]. In this thesis, a typical air conditioning load is modeled
with the intent of analyzing the interaction between electricity generation and consumption.
Although several variables, such as temperature, solar radiation, humidity, wind speed,
and air infiltration, influence the flow and storage of heat in a very complex manner [45], the
primary concern of this thesis is to simply generate a power profile representing the behavior of
an air conditioning load. The circuit model of an air conditioning load is developed using a dc
voltage source in series with a switch and a resistor, as shown in Fig. 7.

14

x1
Q

+
x2

Vdc

R

_

Figure 7:

Circuit model of air conditioning load

With x1 and x2 signifying the operating current and operating voltage, respectively, of the
air conditioner, and q(t) denoting the switching function for Q, the equations in (2.11) are
derived. When switch Q is closed (q(t) = 1), the operating voltage is equal to Vdc, which means
that the air conditioner is on and consuming power. On the contrary, an open switch (q(t) = 0)
indicates that the air conditioner is off and not consuming any power.
qt  Vdc

 x1 
R


 x  qt   V
dc
 2


(2.11)

Thus, the power consumed by the air conditioner can be expressed as:
P  x1  x2

15

(2.12)

2.4

ENERGY STORAGE
In addition to developing models that pertain to the supply and consumption of

electricity, the storage of electrical energy in a modernized grid is a notable feature whose
modeling must also be addressed. Integration of energy storage in a distribution network
improves the availability of energy, especially in a network characterized by generation units
with non-deterministic sources such as solar and wind. Not only can the presence of energy
storage compensate for the uncertainty in such sources, but it can also make power dispatching
and load leveling more manageable. With the aid of distributed storage, energy can be stored
when the source is abundant and demand is low, and later be harnessed during periods of peak
demand.
Modeling energy storage provides an understanding of how home load profiles will be
influenced in meeting constant demand. In particular, homes equipped with PV generation or
electrical vehicles will be subject of investigation, as the impact of energy storage will
undoubtedly influence system performances. Various technologies, such as thermal storage,
batteries, and ultracapacitors, may be employed depending on requirements of the specific
application for which they are intended. In this thesis, the modeling of lead acid batteries is
considered.
Although limited by their cycling capability, lead acid batteries provide high energy
densities and technological maturity. For the sake of simplicity, the model developed in this
thesis makes several assumptions that may be amended in future work. However, the developed
model is adequate enough in providing a foundation for analysis.
In practice, the dynamic characteristics of a battery depend on the state of charge,
charge/discharge rate, and temperature [50]. However, these facets are neglected in the
realization of the model developed here. Additionally, the effects of overcharging and deep
discharging, which may lead to premature failure of the battery, are also not considered in this
model. Unlike the more sophisticated and accurate models developed in [51]-[53], the model
proposed in this thesis is simplistic in that it uses a series connection of an ideal voltage source
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and a resistor. However, such a model suggests a linear operating behavior, which is untrue of
most battery technologies. Other parameters that will not be taken into consideration are
overvoltage effects and the self-discharge of the battery, particularly at the bottom 20% of the
state of charge.
Distributed energy storage can be viewed both as a consumer and producer of power, and
thus participates in the market as both a load and generator [54]; therefore, the modeling in this
thesis considers both the charging and discharging modes of a lead acid battery.
2.4.1 Charging of Lead Acid Battery
The circuit model for the charging mode of a lead acid battery is shown in Fig. 8, where Ԑ
is an ideal voltage source also known as the electromotive force (emf), r is the internal
resistance, x1 is the charging current, and x2 is the charging voltage.

r

x1
+

Ԑ

x2
_

Figure 8:

Circuit model of lead acid battery during charging mode

A battery‘s state of charge relates the percentage of power available compared to its full
capacity. The capacity, typically defined in ampere-hours, conveys both the amount and duration
of power that can be supplied or extracted by the battery. By knowing what the capacity and
charging voltage of the battery are, the current carrying capability of the battery can be
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designated via the internal resistance and state of charge. Specifically, the internal resistance
determines the amount of current, while the state of charge determines the duration the current is
to be carried until the battery is either charged or depleted to a subsequent state of charge. So,
with a known charging voltage x2, the model in Fig. 8 becomes a closed circuit whose current x1
can be expressed as

x1 

x2
r

(2.13)

and, it follows that the power consumed by the battery during its charging operation is:
P  x1  x2

(2.14)

The time t (in hours) required for a battery of capacity B and state of charge S to reach
full charge can be calculated by:

t

B  BS
x1

(2.15)

2.4.2 Discharging of Lead Acid Battery
The circuit model for the discharging mode of a lead acid battery is shown in Fig. 9.
Instead of power being supplied by an external charging voltage as before, the emf supplies
power to the load, which is represented by resistance Rload. Therefore, the direction of the
discharging current x1 is reversed in comparison to the charging mode, and is expressed as:

x1 


r  Rload
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(2.16)

r

x1
+

Ԑ

x2

Rload

_

Figure 9:

Circuit model of lead acid battery during discharging mode

By knowing the battery‘s emf and load resistance Rload, the discharging current x1 can be
set by fixing the internal resistance r. The discharging voltage x2 is obtained by finding the
difference between the battery‘s emf and voltage drop across r, according to:

x2    x1  r

(2.17)

Thus, the power generated by the discharging of the battery is derived as:

P  x1  x2

(2.18)

Similar to the charging behavior of the lead acid battery, the period of discharge is
determined from the state of charge and battery capacity. The time t (in hours) required for a
battery of capacity B and state of charge S to reach full discharge can be calculated by:

t

BS
x1
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(2.19)

2.5

CONDUCTORS
Conductors, which refer to any transmission line or cable that carries current, are

necessary for transmitting power from one component to another. In this thesis, conductors with
relatively short distances are considered, hence implying that their capacitance and conductance
are ignored. Moreover, both ac and dc conductor models are addressed, since some components
operate with ac power while others operate with dc power.
2.5.1 ac Conductor
The equivalent circuit model of a short ac transmission line is shown in Fig. 10, where
the conductor or line is represented by the lumped parameters Rline and Lline. The two ends of the
line are referred to as the sending end and receiving end, which correspond to the source side and
load side, respectively. Rline is the resistance and Lline is the inductance of the entire line, x1 is the
line current, Vac is the sending end voltage, and x2 is the receiving end voltage. The transmission
of electricity in a conductor results in energy waste referred to as line loss. These losses occur as
a result of electricity being converted to heat and electromagnetic energy.

Rline

Lline

x1

+
Rload
Vac

x2
_

Figure 10:

Circuit model of ac conductor
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Lload

Rload and Lload represent the resistive and inductive components, respectively, of the
collective equivalent load connected to the receiving end of the line, and they allow current x1 to
flow by closing the circuit. The dynamic equations of an ac conductor are derived as follows:
Vac  Rline  x1  Rload  x1

 x1 
Lline  Lload


 x  V  R  x  L x
ac
line
1
line 1
 2


(2.20)

And, the line loss Pline is calculated as:
Pline  Rline  x1 

2

(2.21)

2.5.2 dc Conductor
The equivalent circuit model of a dc conductor is shown in Fig. 11, where the conductor
or line is represented by the parameter Rline, and the load is represented by the parameter Rload. In
a dc steady state condition, both the line inductance and load inductance are zero; therefore, only
the resistances are taken into account.

x1

Rline

+
Vdc

x2
_

Figure 11:

Circuit model of dc conductor
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Rload

Furthermore, Vdc and x2 denote the sending end voltage and receiving end voltage,
respectively. The difference between these voltages results from a voltage drop across Rline. The
mathematical equations describing a dc conductor are:

Vdc

 x1  R  R
line
load



x  V  R  x
dc
line
1
 2



(2.22)

And, the line loss Ploss is calculated as:
Ploss  Rline  x1 

2
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(2.23)

2.6

PLUG-IN ELECTRIC VEHICLE
Plug-in electric vehicle (PEV) charging, whether controlled or uncontrolled, is expected

to have a significant impact on distribution network operation, especially with increasing
penetration levels of PEVs. The charging of PEVs increases peak demand, which results in larger
voltage drops and a higher probability of transformer overloading [55]. Since aggravating peak
demand adversely affects the grid, charging during off-peak hours will be encouraged so that the
impact to the system is minimized. This can be accomplished through the use of smart metering
systems and real-time pricing information that would jointly allow for an automated charging
scheme.
PEVs present several advantages and contribute to a smart grid by serving as a source of
dispatchable load, providing generation capabilities via vehicle-to-grid technologies, and
reducing fuel costs. Furthermore, driving on electricity is considered less expensive per mile and
typically produces less emission than a conventional vehicle [56]. The adoption and utilization of
PEVs is particularly appealing given the already existing charging infrastructure in the form of
120/240 V outlets. Regarding charging methods for PEVs, several standards have been explored
involving both ac charging and dc charging. Specifically, ‗level 1 charging‘ is defined as single
phase 120 Vac with 20 A maximum current, ‗level 2 charging‘ is defined as single phase 240
Vac with 80 A maximum current, and ‗level 3 charging‘ is defined as 500 Vdc maximum voltage
with 200 A maximum current [57]. In this thesis, ac charging from the grid will be considered
for modeling and simulation. Although fleets of PEVs can present a dichotomy in utilization—
they can operate either as energy sources when required by the System Operator, or as loads,
during strategic hours of the day when their batteries need to be charged [58]—this thesis is only
concerned with the charging of PEVs, i.e., their treatment as loads.
In order for a PEV‘s battery to be charged from the grid, electricity must be converted
from ac to dc by means of a rectifier, whose modeling and operation will be discussed later in
this thesis. An equivalent circuit model of a PEV during its charging operation is developed in
Fig. 12, where Vac is the charging voltage supplied from the grid, Iac is the charging current from
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the grid‘s perspective, x1 is the charging current from the rectifier‘s perspective, x2 is the
charging voltage from the rectifier‘s perspective, and Rbattery is the resistance representing the
PEV‘s battery. Vac and x2 are related by an efficiency factor of ηv, and Iac and x1 are related by an
efficiency factor of ηi, such that the rectifier‘s overall efficiency is given by:

  v i

(2.24)

Rectifier
Iac

x1

+
Vac

x2

Rbattery

_

Figure 12:

Circuit model of a PEV when charged from the grid

Given that the charging voltage Vac is user-defined, i.e., it is known, the following
equations can be obtained for describing the circuit model in Fig. 12:
x2

 x1  R
battery




 x 2   v  Vac  2


24

(2.25)

It is important to note that (2.25) relates the current and voltage from the rectifier‘s
perspective; however, the analysis in this thesis follows a trend, in that the impact of components
is observed from the perspective of the grid. Therefore, in keeping consistent with this practice,
the charging current Iac from the grid‘s perspective is derived according to:

I ac 

x1  2

i

(2.26)

Using the conservation of power principle, the power consumed from the grid during the
charging of the PEV is calculated by:

P

x1  x2



(2.27)

Given the PEV‘s battery capacity B and state of charge S, the time t in (in hours) required
for the battery to reach full charge is:

t

B  BS
x1
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(2.28)

2.7

POWER ELECTRONICS INTERFACE
Power electronics play a crucial role in interfacing and integrating the various

components of a smart grid. In a grid characterized by an active two-way flow of power, power
electronic converters would be essential in driving and controlling the energy storage unit, e.g., a
dc-dc bi-directional converter for connecting the battery to a dc link. With power electronics,
unwanted harmonics in the power system can be filtered, voltage levels can be adjusted to suit
different applications, and dc power can be converted to ac power or vice versa. Furthermore, the
connection of distributed generation units through power electronic interfaces provides
additional services, such as reactive power support, load following, back-up service, peak
shaving, and power quality disturbance compensation, all of which contribute to the satisfactory
operation of the network [59]. It is therefore valid to assert that, without power electronic
devices, the sophisticated delivery of electric power from the sub-transmission system to the end
user‘s meter is not realizable. This thesis addresses dc-dc converters, namely the buck converter
and boost converter, as well as the ac-dc rectifier, and the dc-ac inverter.
2.7.1 Buck Converter
Before the advent of dc-dc converters, power was manipulated by obtaining energy from
an ac line source, changing its level with a transformer, then rectifying the result. With dc-dc
converters, however, the incoming ac is directly rectified, and then the high-level dc is converted
to the desired level. dc-dc converters such as the buck converter or boost converter serve in many
important applications where energy is transferred between two dc circuits operating at different
voltage and current levels. In fact, many products are designed around 170 V inputs (the peak
value of rectified 120 Vac) or 300-400 V inputs (the peak values of 230 Vac, 240 Vac, and many
three-phase rectified sources) [60]. These converters operate by temporarily storing the input
energy, either by means of magnetic field storage components or electric field storage
components, and then releasing it to the output at a different voltage.
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The circuit model of a buck converter, which uses two switches (MOSFET Q and diode
QD), an inductor L, and a capacitor C, is shown in Fig. 13. This converter operates by alternating
between two states: storing energy in the inductor by connecting it to the source voltage, or
discharging the inductor into the load by disconnecting it from the source voltage. During the
interval when the switch is on, the diode becomes reverse biased, and the input supplies energy
to the load as well as to the inductor. During the interval when the switch is off, the inductor
current x1 flows through the diode and transfers some of its stored energy to the load [61].

x1
Q
L
+
Vin

C

QD

x2

R

_

Figure 13:

Circuit model of a buck converter

The buck converter produces a lower average output voltage x2 than the dc input voltage
Vin, because x2 is multiplied by a scalar factor, smaller than unity, at the output [62]. Assuming
the converter is in continuous conduction mode, i.e., the inductor current x1 never reaches zero
during the commutation cycle, the input-output voltage relationship is

x2  Vin  D
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(2.29)

where D denotes the duty cycle, or average control input of Q. The dynamic equations of the
converter are described by

1
 x1   DVin  x 2 
L



x
 x 2  1   x1  2 

C 
R

(2.30)

and the output power is obtained according to:

Pout  x2  x1  Cx 2  

x2 2
R

(2.31)

2.7.2 Boost Converter
The boost converter, whose circuit model is shown in Fig. 14, is another type of dc-dc
converter. This converter produces a higher output voltage x2 in relation to its input voltage Vin.
When switch Q is on, the output stage is isolated because diode QD is reverse biased; therefore,
inductor L is charged during this interval. When the switch is off, the output stage receives
energy from both the inductor and the input. Filter capacitor C is added to the output to reduce
the output voltage ripple. Assuming the converter is in continuous conduction mode, the inputoutput voltage relationship is as follows:

x2 

Vin
1 D
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(2.32)

x1
QD
L
+
Vin

Q

x2

C

R

_

Figure 14:

Circuit model of a boost converter

Denoting the inductor current and capacitor voltage by x1 and x2, respectively, the
dynamic equations of the boost converter can be obtained as

1
 x1   Vin  1  D   x 2 
L



x
 x 2  1   1  D   x1   2 

C 
R

(2.33)

and the output power is derived according to:
Pout  x2  1  D   x1  Cx2
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2

x2 


R

(2.34)

2.7.3 Rectifier
Power electronic devices that convert ac to dc are referred to as rectifiers. The model
developed here is that of a single-phase full-wave rectifier, which converts the whole of the input
waveform to one of constant polarity at the output. The single-phase rectifier can be used since
the grid model is reduced to the single-phase equivalent. The topology, shown in Fig. 15, uses
four diodes that rectify the incoming voltage Vac. The inductor L serves to improve the linecurrent waveform, while the output capacitor C exists to smooth the peak-to-peak ripple voltage
in x2 to a reasonable value.

x1
QD1

+

QD3

L
C

Vac

QD4

Figure 15:

QD2

x2

R

_

Circuit model of a rectifier

The rectifier operates by having alternating pairs of diodes conduct during each alternating
half-cycle of Vac. When Vac is positive, only QD1 and QD2 conduct current since Vac appears as a
reverse-bias voltage across QD3 and QD4. When Vac is negative, the current commutates to QD3
and QD4, and a reverse-bias voltage appears across QD1 and QD2. This operating behavior can
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equivalently be described by the circuit model in Fig. 16, where the absolute value of the input
voltage Vac represents the effect of the diodes.

x1

L
+
C

E |sin(ωt)|

x2

R

_

Figure 16:

Equivalent-circuit model of Fig. 15

Using the above representation, the dynamic equations of the rectifier can be obtained as

1
 x1   E sin t   x 2 
L



x
 x 2  1   x1  2 

C 
R

(2.35)

where E is the amplitude of Vac, x1 is the inductor current, and x2 is the capacitor voltage.
Consequently, the output power is given by:

Pout  x2  x1  Cx2
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2

x2 


R

(2.36)

2.7.4 Inverter
Another power electronics interface relevant within the realm of a smart grid is the
inverter, which converts dc to ac. Such a device is often used to connect a dc bus to the ac grid,
particularly in applications involving PV plants or wind plants. PWM (pulse width modulation)
schemes are typically implemented in the switching strategy to shape the output ac voltage as
close to a sine wave as possible. The model of a single-phase H-bridge inverter with unipolar
PWM implementation is considered in this thesis.
The topology of a single-phase H-bridge inverter is shown in Fig. 17, where Vdc is the
input dc voltage, Lfilter and Cfilter denote the filter inductor and filter capacitor, respectively, Rload
is the load resistance, x1 is the inductor current, x2 is the capacitor voltage, and switches Q11, Q12,
Q21, Q22 strategically operate via PWM in generating an ac output.

Q11
+

x2

_

Q21

Cfilter

Vdc
a

Rload

b

Lfilter
x1
Q12

Figure 17:

Q22

Circuit model of a single-phase H-bridge inverter
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The switching action of the inverter produces harmonics, which are sine waves with
frequencies that are integral multiples of the fundamental frequency. Therefore, a filter is applied
to the inverter to permit the fundamental component of the waveform to pass to the output while
restricting the passage of harmonic components. In order to generate the switching signals for
Q11, Q12, Q21, and Q22, two control signals, vcont and –vcont, are compared to a repetitive
switching-frequency triangular waveform vtri, as shown in Fig. 18. The switching scheme is as
follows:





If vcont > vtri, close Q11 and open Q12, so Va = Vdc
If vcont < vtri, open Q11 and close Q12, so Va = 0
If -vcont > vtri, close Q21 and open Q22, so Vb = Vdc
If -vcont < vtri, open Q21 and close Q22, so Vb = 0

1.5

Vcont

-Vcont

Vtri
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0.5
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Figure 18:
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This type of PWM scheme is known as unipolar voltage switching, because the output
voltage changes between zero and +Vdc or between zero and –Vdc voltage levels. To illustrate,
Fig. 19 represents a conceptual load voltage waveform, which is the equivalent of Va – Vb in the
circuit model of Fig. 17.
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Figure 19:
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The switching frequency of the triangle wave, which is generally kept constant,
establishes the inverter switching frequency. Meanwhile, the frequency of the control signal is
the desired fundamental frequency of the inverter voltage output. Hence, vcont is used to modulate
the switch duty ratio, and the ratio of its amplitude to the amplitude of vtri (generally kept
constant) signifies the amplitude modulation ratio ma. Similarly, a frequency modulation ratio mf
is defined as the ratio of the triangle wave frequency to the control signal frequency.
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Referring to Fig. 17, the equations describing the output of the inverter are
x 2  Rload x1

 x1 
L filter



x  V  V
a
b
 2


(2.37)

and the output power of the inverter is described by:

Pout  x1  x2  L filter x1   Rload  x1 

2
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(2.38)

Chapter 3: Simulation of Components
Using the equations developed earlier, the proposed models are investigated in this
chapter by creating blocks in MATLAB/Simulink. The blocks will prompt the user to provide
certain

information

necessary

to

perform

simulations

that

convey

the

power

generation/consumption of these components.
3.1

PHOTOVOLTAIC ARRAY
The PV array block shown in Fig. 20 is developed using (2.7). The parameters in Table 1,

obtained from a Kyocera KC200GT datasheet [63], are considered for simulating the model.
Additionally, the values in Table 2 relate the ambient conditions and specifications of the PV
array.

power generated

power generated

operating voltage

operating voltage

operating current

operating current
PV SUBSYSTEM

Figure 20:

Photovoltaic array block
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Table 1:

Table 2:

Nominal short-circuit current, Isc,n [A]

8.21

Nominal open-circuit voltage, Voc,n [V]

32.9

Current at maximum power point, Imp [A]

7.61

Voltage at maximum power point, Vmp [V]

26.3

Voltage/temperature coefficient, KV [V/K]

-0.123

Current/temperature coefficient, KI [A/K]

0.00318

Number of cells per module, Ns

54

Parameters used for simulation of PV model

Nominal irradiation, Gn [W/m2]

1000

Nominal temperature, Tn [K]

298.15

Actual irradiation, G [W/m2]

1000

Actual temperature, T [K]

298.15

Number of series modules in array, Nss

5

Number of parallel modules in array, Npp

3

Ambient condition and specifications of PV array

The simulation results of the PV array are shown in Figs. 21-23, and they conform to the
expected values of an array comprised of 5 series modules and 3 parallel modules, each with a
maximum power rating of 200 W. It is observed that the operating voltage of the array is the
product of Vmp and Nss, whereas the operating current of the array is the product of Imp and Npp.
As expected, the power generated by the PV array is approximately 3000 W, and the model is
deemed accurate.
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Figure 21:

Simulated power generated by PV array

Operating Voltage of PV Array
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Figure 22:

Simulated operating voltage of PV array
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Figure 23:

Simulated operating current of PV array

The study of grid-connected PV systems is important because these systems present
certain effects at the distribution level that need to be taken into consideration. Power quality
issues, in terms of voltage, active power, total losses, and network power factor, influence
overall system operation. One study in particular [64], found that PV grid-connected systems can
improve the power quality of a distribution feeder. Since PV generators can enhance the
distribution operation, they show great potential as a grid support system, whereby voltage
profiles are improved and system losses are reduced. Thus, grid-connected PV generation is an
enabling technology that fosters a smart grid, as it inherently remedies power quality issues that
would otherwise be resolved in a traditional manner, e.g., changing distribution transformer tap
ratios or switching on shunt capacitors.
On the contrary, the impacts of PV generation may not always be positive, for the
widespread introduction of such generation sources on the distribution system can adversely
affect the flow of power and voltage conditions at customer and utility equipment. This may
indeed prove to be problematic since distribution systems are generally designed to operate
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without any generation on the distribution system or at customer loads [65]. Furthermore, two
factors affecting feeder voltage are the size and location of PV generators, and since, in practice,
installation locations mainly depend on customers who own the PV systems, utilities are left with
limited control regarding this matter. Another reasonable concern is that of voltage dips, which
may be caused by clouds passing over an area with large numbers of installed PV systems.
Voltage rise poses challenges as well, since any injection of power into a distribution system
causes the voltage to rise at the point of connection and in the surrounding network [66], [67].

40

12 :34
Terminator

Digital Clock

3.2

ELECTRIC GRID
Using (2.8)-(2.10), the Simulink block in Fig. 24 is created. The parameters in Table 3

are entered into the dialog box shown in Fig. 25.

grid power

grid power

grid voltage

grid voltage

grid current

grid current
GRID SUBSYSTEM

Figure 24:

Table 3:

Grid block

Open-circuit voltage [volts ac]

120

Frequency [hertz]

60

Short-circuit inductance [henries]

0.009

Equivalent load-side resistance [ohms]

10

Equivalent load-side inductance [henries]

0.001

Parameters used for simulation of grid model
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Figure 25:

Dialog box for grid model

The simulation results of the grid model are shown in Figs. 26-28. From Fig. 6 in Chapter
2, the grid voltage x2 represents the voltage at a typical residential outlet socket. This voltage is
the difference between the open-circuit voltage Vac and the voltage drop across Zeq. Meanwhile,
the grid current is the current that is drawn from an equivalent load connected to the outlet
socket. When there is no load, the voltage at the output, x2, is equal to voltage source Vac;
however, when a load is added the circuit becomes closed, allowing current x1 to flow in Fig. 6.
This current results in a voltage drop across Zeq, such that x2 is no longer equal to Vac. This
behavior is evident in Fig. 27, where the simulated grid voltage is less than open-circuit voltage
Vac in the presence of a load.
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Figure 26:

Simulated power consumed from grid
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Figure 27:

Simulated grid voltage
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Current Drawn from Grid
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Figure 28:

Simulated current drawn from grid

44

0.06

0.07

0.08

0.09

0.1

3.3

LOAD
Having derived the necessary equations to model an air conditioning load, the block

shown in Fig. 29 is created in Simulink.

power consumed

power consumed

operating voltage

operating voltage

operating current

operating current
LOAD SUBSYSTEM

Figure 29:

Load block

The dialog box in Fig. 30 requests several parameters necessary for performing the
simulation; these parameters and their values are listed in Table 4. The user-defined variables for
the simulation include: the power consumed by the load, the duration or period of each on-off
cycle, the duty cycle, i.e., the ratio that the load is on within the entire period, and finally, the
resistance R corresponding to Fig. 7, which determines the operating voltage and operating
current. Setting the simulation time to 3600 seconds, or 1 hour, the model is simulated, and its
results are shown in Figs. 31-33.
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Figure 30:

Table 4:

Dialog box for load model

Power [watts]

3200

Period [hours]

1/6

Duty cycle [%]

25

Resistance [ohms]

16

Parameters used for simulation of load model
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Power Consumed by Air Conditioning Load
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Figure 31:

Simulated power consumed by air conditioning load

The power consumption pattern in Fig. 31 resembles the behavior typical of an air
conditioning load, as it periodically cycles on and off for a certain amount of time. With the
period set to 1/6 of an hour, the duration of each on-off cycle is 600 seconds, or, relating this to
frequency, there are 6 total on-off cycles within the entire simulation time of 3600 seconds. A
duty cycle of 25% indicates that the load consumes power during 1/4 of each period, i.e., 150
seconds of the 600-second period. In the proceeding figures, Figs. 32 and 33, the operating
voltage and operating current of the air conditioning load are depicted. These parameters are
dependent upon user-defined values of power consumption and resistance R in Fig. 7.
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Operating Voltage of Air Conditioning Load
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Figure 32:

Simulated operating voltage of air conditioning load

Operating Current of Air Conditioning Load
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Figure 33:

Simulated operating current of air conditioning load
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3.4

ENERGY STORAGE
The simulation results of the charging and discharging modes of the battery model are

presented.
3.4.1 Charging of Lead Acid Battery
The Simulink block of a lead acid battery model during charging mode is shown in Fig.
34.

power consumed

line loss

power consumed

charging voltage

ceiving end voltage

charging voltage

charging current

line current

charging current
BATTERY SUBSYSTEM -CHARGING

Figure 34:

Battery charging block

The dialog box in Fig. 35 shows the user-defined parameters required for the simulation.
These parameters and their values are tabulated in Table 5. A battery with capacity of 100
ampere-hours and state of charge of 10% is assumed for the simulation. Knowing that the
charging voltage is 200 V, the charging current can be assigned by calculating the internal
resistance. In this case if a charging current of 14 A is desired, then the internal resistance would
be 14.2857 Ω.
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Figure 35:

Table 5:

Dialog box for battery charging model

Charging voltage [volts dc]

200

Internal resistance [ohms]

14.3

Battery capacity [ampere-hour]

100

Battery state of charge [%]

10

Parameters used for simulation of battery charging model
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In Figs. 36-38, simulation results of the battery model during its charging mode are
depicted. The simulation is designed to run until the battery is fully charged, i.e., reaches a state
of charge of 100%. Applying (2.15), it is observed that the simulation stops after 6.429 hours, or
23143 seconds.
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Figure 36:

Simulated power consumed by battery
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Charging Voltage of Battery
201
200.8
200.6

Voltage [volts]

200.4
200.2
200
199.8
199.6
199.4
199.2
199
0

0.5

1

1.5

2

2.5

Time [seconds]

Figure 37:

3
x 10

4

Simulated charging voltage of battery

Charging Current of Battery
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Figure 38:

Simulated charging current of battery
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3.4.2 Discharging of Lead Acid Battery
The Simulink block of a lead acid battery model during discharging mode is shown in
Fig. 39.

power generated
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discharging voltage
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discharging voltage

discharging current

discharging current
BATTERY SUBSYSTEM -DISCHARGING

Figure 39:

Battery discharging block

The values in Table 6 are considered for the user-defined parameters of the dialog box
shown in Fig. 40. A battery with capacity of 200 ampere-hours and state of charge of 85% is
assumed for the simulation. Knowing that the battery emf and equivalent load resistance are 100
V and 3.6 Ω, respectively, the discharging current can be assigned by calculating the internal
resistance. In this case if a discharging current of 25 A is desired, then the internal resistance
would be 0.4 Ω.
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Battery emf [volts dc]

100

Internal resistance [ohms]

0.4

Equivalent load resistance [ohms]

3.6

Battery capacity [ampere-hour]

200

Battery state of charge [%]

85

Table 6:

Parameters used for simulation of battery discharging model

Figure 40:

Dialog box for battery discharging model
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In Figs. 41-43, simulation results of the battery model during its discharging mode are
presented. Here, the simulation is designed to run until the battery is fully discharged, i.e.,
reaches a state of charge of 0%. Applying (2.19), it is observed that the simulation stops after 6.8
hours, or 24480 seconds.
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Figure 41:

Simulated power generated by battery
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Simulated discharging voltage of battery
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Figure 43:

Simulated discharging current of battery
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3.5

CONDUCTORS
The simulation
results of the ac and dc conductor models are presented.
12 :34
Digital Clock

Terminator

3.5.1 ac Conductor
Using (2.20) and (2.21), the Simulink block in Fig. 44 is created.

line loss

line loss

receiving end voltage

receiving end voltage

line current

line current
CONDUCTOR SUBSYSTEM -AC

Figure 44:

ac conductor block

The values in Table 7 are entered for the parameters requested by the dialog box in Fig.
45. Using the datasheet for aluminum conductor steel reinforced cables [68], and assuming a
‗4/0‘ cable of length 1000 ft, the values for Rline and Lline are estimated in a 12.47 kV system. The
simulation results of the ac conductor model are illustrated in Figs. 46-48.
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Input voltage [volts ac]

12470

Frequency [hertz]

60

Line resistance [ohms]

0.0822

Line inductance [henries]

0.215

Equivalent load-side resistance [ohms]

300

Equivalent load-side inductance [henries]

0.1

Table 7:

Parameters used for simulation of ac conductor model

Figure 45:

Dialog box for ac conductor model
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Line Loss of ac Conductor
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Figure 46:

Simulated line loss of ac conductor
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Figure 47:

Simulated receiving end voltage of ac conductor
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Figure 48:

Simulated line current of ac conductor

3.5.2 dc Conductor

12 :34
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Digital Clock

The Simulink block in Fig. 49 is created using (2.22) and (2.23).

line loss

line loss

receiving end voltage

receiving end voltage

line current

line current
CONDUCTOR SUBSYSTEM -DC

Figure 49:

dc conductor block

note : in this situation , and assuming steady state , both the line inductance and load inductance are

60

0 since system is dc. therefore , only the resistances are taken

The values used for the simulation are included in Table 8; these values are entered into
the dialog box shown in Fig. 50. Using [68], and assuming a ‗#4‘ cable of length 500 ft, the
value for Rline is estimated in a system with a sending end voltage of 1000 V. The simulation
results of the dc conductor model are presented in Figs. 51-53.

Input voltage [volts dc]

1000

Line resistance [ohms]

0.2

Equivalent load-side resistance [ohms]

50

Table 8:

Parameters used for simulation of dc conductor model

Figure 50:

Dialog box for dc conductor model
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Line Loss of dc Conductor
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Figure 51:

Simulated line loss of dc conductor
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Figure 52:

Simulated receiving end voltage of dc conductor
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Line Current of dc Conductor
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Figure 53:

Simulated line current of dc conductor
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PLUG-IN ELECTRIC VEHICLE
Using (2.25)-(2.27), the Simulink block in Fig. 54 is developed. The values in Table 9 are

entered into the dialog box shown in Fig. 55.

power consumed

power consumed

charging voltage

charging voltage

charging current

charging current
PEV SUBSYSTEM

Figure 54:

Table 9:

PEV block

Charging voltage [volts ac]

240

Frequency [hertz]

60

Battery resistance [ohms]

30

Battery capacity [ampere-hour]

50

Battery state of charge [%]

10

Rectifier voltage efficiency [%]

92

Rectifier current efficiency [%]

92

Parameters used for simulation of PEV model

64

Figure 55:

Dialog box for PEV model

An arbitrary value of 92% is chosen for the rectifier‘s input-output voltage and current
efficiency, and it is assumed that the PEV is charged from 240 Vac with 16 A of current
provided from the grid, which amounts to 3.84 kW of power consumed from the grid. Applying
(2.25) and (2.26), the charging voltage and charging current from the rectifier‘s perspective are
found to be 312.3 Vdc and 10.4 A, respectively. Thus, from the perspective of the rectifier, 3.248
kW of power are consumed by the PEV‘s battery, which befittingly corresponds to a rectifier
efficiency of 85%, i.e., ηv

ηi. If the PEV battery is assumed to have a capacity of 50 Ah with a

state of charge of 10% , then a time of 4.32 hours, or 15,564 seconds, must be elapsed in order to
reach full charge, as related by (2.28). The simulation results—power consumed, charging
voltage, and charging current—all from the perspective of the grid, are presented in Figs. 56-58.
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Simulated power consumed by PEV charging
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Figure 57:

Simulated charging voltage of PEV
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Figure 58:

Simulated charging current of PEV
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3.7

POWER ELECTRONICS INTERFACE
The simulation results of power electronic devices such as the buck converter, boost

converter, rectifier, and inverter are presented.
3.7.1 Buck Converter
The Simulink
12 :34 block for the buck converter, along with its associated dialog box, are
Digital Clock

Terminator

shown in Figs. 59 and 60, respectively. The values used for the simulation are specified in Table
10. Assuming an input voltage of 40 V and a switching frequency of 5 kHz, the buck converter
model is simulated, and its results are shown in Figs. 61-63. It is observed that the output voltage
of the converter converges to 20 V, as indicated by (2.29).

output power

output power

output voltage

output voltage

output current

output current
BUCK CONVERTER SUBSYSTEM

Figure 59:

Buck converter block
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Figure 60:

Table 10:

Dialog box for buck converter model

Input voltage [volts dc]

40

Duty cycle [%]

50

Switching frequency [hertz]

5000

Capacitance [farads]

0.001

Inductance [henries]

0.05

Resistance [ohms]

10

Parameters used for simulation of buck converter model
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Output Power of Buck Converter
70

60

Power [watts]

50

40

30

20

10

0
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.35

0.4

0.45

0.5

Time [seconds]

Figure 61:

Simulated output power of buck converter
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Figure 62:

Simulated output voltage of buck converter
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Figure 63:

Simulated output current of buck converter

3.7.2 Boost Converter
The boost converter’s Simulink block, shown in Fig. 64, is created using (2.33) and
(2.34). The values entered into the dialog box of Fig. 65 are tabulated in Table 11. Assuming an
input voltage of 30 V and a switching frequency of 5 kHz, the boost converter model is
simulated. The results are shown in Figs. 66-68. In agreement with (2.32), the output voltage of
the converter converges to 60 V. The boost converter has several applications: it is used in
regulated dc power supplies, regenerative braking of dc motors, and maximum power point
tracking of PV arrays. Maximum power point tracking is achieved by connecting a boost
converter between the PV module and load resistor, and adjusting the duty cycle so that the
equivalent load resistance seen by the source is modified to where maximum power is
transferred. Additionally, a boost converter can be used to connect a dc bus to any combination
of batteries, ultracapacitors, fuel-cells, and PV plants.

71

12 :34

igital Clock

Terminator

output power

output power

output voltage

output voltage

output current

output current
BOOST CONVERTER SUBSYSTEM

Figure 64:

Boost converter block

Figure 65:

Dialog box for boost converter model
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Table 11:

Input voltage [volts ac]

30

Duty cycle [%]

50

Switching frequency [hertz]

5000

Capacitance [farads]

0.001

Inductance [henries]

0.05

Resistance [ohms]

10

Parameters used for simulation of boost converter model

Output Power of Boost Converter
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Figure 66:

Simulated output power of boost converter
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Figure 67:

Simulated output voltage of boost converter
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Simulated output current of boost converter
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3.7.3 Rectifier
12 :34
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The Simulink block for the rectifier is shown in Fig. 69. The parameters used for the
simulation, as well as the associated dialog box are provided in Table 12 and Fig. 70,
respectively. The simulation results of the rectifier are shown in Figs. 71-73, where rectification
of the input ac signal is evidenced with a unidirectional flow of current. It is observed that the
output signal consists of dc along with high-ripple ac components.
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RECTIFIER SUBSYSTEM

Figure 69:

Table 12:

Rectifier block

Input voltage [volts ac]

120

Frequency [hertz]

60

Capacitance [farads]

0.001

Inductance [henries]

0.005

Resistance [ohms]

10

Parameters used for simulation of rectifier model
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Figure 70:

Dialog box for rectifier model
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Figure 71:

Simulated output power of rectifier
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Figure 72:

Simulated output voltage of rectifier
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Figure 73:

Simulated output current of rectifier
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3.7.4 Inverter
Using the equations developed earlier, a Simulink block representing an H-bridge
inverter is created and shown in Fig. 74. The values used for the simulation are included in Table
13, and the dialog box requesting these parameters is shown in Fig. 75.
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output current
INVERTER SUBSYSTEM

Figure 74:

Table 13:

Inverter block

Input voltage [volts dc]

100

Sine wave frequency [hertz]

60

Triangle wave frequency [hertz]

123,000

Modulation amplitude ma

0.95

Load resistance [ohms]

1.5

Filter capacitance [farads]

3.79 x 10-9

Filter inductance [henries]

0.442 x 10-3

Parameters used for simulation of inverter model
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Figure 75:

Dialog box for inverter model

This particular inverter, which is designed for a 3 kW application, has a switching
frequency of 123 kHz and modulation amplitude of 0.95. The filter, whose design and derivation
is not pertinent to the scope of this thesis, allows the fundamental component to pass and limits
the passage of harmonics, thereby minimizing distortion. The presence of harmonics is evident in
the load voltage waveform Va – Vb depicted in Fig. 76. Once the filter is applied, the fundamental
component of the output voltage becomes apparent, as shown in Fig. 77. Therefore, the inverter
successfully produces an ac output from a dc input via appropriate PWM switching. Other
simulation results involving the output power, output voltage, and output current are provided in
Figs. 78-80, respectively.
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Inverter Load Voltage Waveform Before Filter
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Figure 76:

Simulated load voltage waveform before filter
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Figure 77:

Simulated load voltage waveform after filter
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Figure 78:

Simulated output power of inverter
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Figure 79:

Simulated output voltage of inverter
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Figure 80:

Simulated output current of inverter
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Chapter 4: Conclusion
The expected transition from the passive unidirectional power flow of a central source to
distributed end-users, to the active two-way power flow of distributed generation, represents a
revolution with respect to the traditional concept of a power system. Furthermore, since power
electronic apparatuses and electrical drives are becoming more widely used for energy
conversion, the ability to maintain prefixed levels of power quality will become a reason for
concern. Also, in addition to the increased requirements and needs of end-users, widespread
adoption of distributed generation will engender high levels of complexity in the management
and operation of the grid. The stability of networks must also be studied in the presence of
variable and renewable energy sources. All these reasons contribute to the motivation for
developing a framework to model the impacts of smart grids, and in so doing, accelerating the
grid transformation process.
The modeling and simulation of distribution system components pertinent to a smart grid
was presented in this thesis. The components considered in this work included PV arrays, the
electric grid, an air conditioning load, energy storage, conductors, PEVs, and power electronic
interfaces. The methodology involved deriving the equations of the components and creating
modules in Simulink that mask the relevant components‘ equations. The ultimate goal is to
connect the individual modules together via a voltage interface to perform various analyses, such
as the evaluation of harmonics; or general studies involving capacity, runtime, and the
interdependency between generation and consumption.
Future work will incorporate stochastic processes in the modeling, especially with regard
to PV generation, since optimal sizing of PV arrays and energy storage depends on randomly
behaving parameters. Other factors such as cloud coverage of PV arrays may need to be
considered, in order to increase the accuracy of the models and to allow for better predictions of
variability. Nonlinear loads will also be modeled to investigate the effects of harmonics, and
more accurate battery models are to be developed instead of making simplifying assumptions.
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