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ABSTRACT

Alibeik, Maryam. MSECE, Purdue University, August 2014. Different Configurations
of Microgrids and Power Converters. Major Professor: Dr. Euzeli dos Santos Jr.

This thesis proposes a two-phase microgrid system with voltages in quadrature.
The two-phase microgrid system presents the following advantages: 1) constant power
through the power line at balanced condition; 2) two voltages available by using a
three-wire system; 3) optimized voltage utilization compared to a three-phase system;
and 4) a direct connection of both symmetrical two-phase and single-phase machines.
Power analysis and symmetrical components of this kind of microgrid have also been
studied through this thesis. Besides the two-phase microgrid system, the hybrid
DC/AC microgrid has been analyzed. Both hybrid DC/AC and two-phase microgrid
need power interfaces such as power converters to be connected to the grid. Also two

different types of power converters have been proposed and studied during this thesis.



1. INTRODUCTION
1.1 Microgrid

A well-defined traditional power distribution system has a radial topology [1,2] and
a single unit of power generation to feed end users. The use of individual distributed
generators can cause some problems during the disturbances in a system such as
harming the transmission system as well as the system’s loads. For avoiding such
problems one way is to realize a batch of loads and sources as one controllable system,
called as "microgrid” [3-5].

A microgrid can be defined as a localized grouping of electricity generation, en-
ergy storage, and loads that normally operate connected to a traditional centralized
grid (macrogrid). The multiple dispersed generation sources and the ability to iso-
late the microgrid from a larger networkwould provide highly reliable electric power.
Besides the conventional microgrids with either DC- or AC-links, it is also possible
to implement hybrid DC/AC microgrids as considered in [6-8].

Sources used in a microgrid are often small (< 500kW) [9]. The main advantages
of those solutions are: 1) high reliability [10-12], which can be obtained by using power
electronics interfaces together with fast protection systems [9]. In [13] it has been
proposed a new method for evaluating the reliability of microgrids including DGs. [14]
also conducts several case studies in order to demonstrate impact of CHO-Based DERs
on the microgrid reliability, 2) use of renewable energy with zero emissions, allowing
plants to be near enough to cities [15], 3) reduction or elimination of the need for
central dispatch [16], 4) reduction of the long-distance losses related to transmission
lines [17], and 5) improvement of power quality [18].

In the modern scenario, the utility grid is supposed to guarantee load manage-

ment, demand side management, as well as to use the market price of electricity and



forecasting of energy (e.g., based on wind and solar renewable sources) in order to
optimize the whole distribution system [19]. An electric power system requires several
goals in its optimized operation, such as high efficiency, high reliability, good quality
of service and high level of security [20]. Those objectives can be obtained in the new
power distribution systems through advances in control, communication and informa-
tion technology, as well as extensive use of power electronics. Notice that the power
line type is not necessarily defined anymore by a centralized generation unit that
delivers the same type of energy to all loads connected to it, as it used to be in the
first poly-phase electric power system at Niagara Falls. This arrangement has lasted
for more than 100 years. Now the power distribution process goes through electronic
devices that allow more flexibility regarding how the electric link is defined. Research
effort has been developed towards: 1) DC microgrid link [19], 2) single-phase 60Hz AC
microgrid link [20], 3) single-phase high-frequency AC microgrid link [21], 4) three-
phase three-wire microgrid link [22], and 5) three-phase four-wire microgrid link [23].
A comparison among three of those microgrids is furnished in [24]. Recently a hybrid
AC/DC microgrid has been studied by [25], which presents the main advantage of
furnishing both DC and AC voltages throughout the line, avoiding either DC-to-DC
or AC-to-DC conversions, thus improving the efficiency of the whole system.

This chapter contributes to the debate of how energy sources with different types
of delivered power (DC or AC) and different levels of generated voltage (higher or
lower voltage) can impact the decision made regarding the electrical link topology
employed to distribute energy as presented in Fig. 1.1.

The electrical power line architectures compared in this paper are: 1) DC; 2)
single-phase, which includes standard 60Hz, high-frequency, and single split-phase
links; 3) hybrid AC/DC link; 4) symmetrical two-phase with voltages in quadrature;
5) three-phase link with both three and four wires; and finally 6) poly-phase lines
(four-, five- and six-phase links). The rationale is that, the microgrid is fed by strong
energy sources, such as the wind and solar farms presented in Fig. 1.1, as well as

by weak energy sources, i.e., residential PV and wind generation. To guarantee a



fair comparison among the electrical links studied in this section, it will be assumed
that all power systems considered in this section will have the same voltage insulation
rating with the same power capability.

Wind

Farm

Low power
PV system

Low power
1

wind system
Solar Farm
I

%__L . lL__:jl ‘q Storage

e F Uni
H"-\.H-___.- Al l f 1 I'_"| mt
| | 5

x‘-"“‘:, Physical
Electrical
Links: \\\‘
de__7 ac__ 2ph— 3ph— dph—

— — .
—

Fig. 1.1. Microgrid environment highlighting the physical electrical link.

1.1.1 DC Microgrid Link

The DC Microgrid uses DC distribution in order to provide the high quality power
[26,27]. In order to minimize the loss and maximize the energy efficiency one could
utilize the DG output in DC form. Using the low voltage DC Microgrid may have
some advantages over the conventional AC distribution system such as: 1) There only
needs to be one DC/AC inverter needed for connecting the mains to the DC grid; 2)
When a fault happens in the AC network, the DC grid will operate in stand-alone
mode which will keep the loads from being damaged. DC was the earliest form of
electrical power [28] and it is a potential candidate to be employed in the power line of
the system in Fig. 1.1. It is expected that with DC power available on the electrical
link, the ac-to-dc power conversion will be eliminated so that it is possible to save

more energy. The total savings could be magnified since DC power is employed largely



on our everyday devices, such as computers, cellphones, TVs, printers, LED lights,
etc. The DC microgrid can be beneficial even for AC loads like induction machines,

due to the trend of replacement for variable-speed motor drives, especially for higher

powers. Fig. 1.2 shows a typical configuration of a DC microgrid.
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Fig. 1.3. Efficiency of power converters employed in microgrids.

Some works on the technical literature indicate that 380Vdc can be employed for
a common bus collecting and distributing DC power in a microgrid scenario. In this
case, power converters should be employed to reduce the level of voltage allowing

a large variety of loads to be connected to the power line. However, it is worth



mentioning that the efficiency of a power converter is directly affected by both increase
and reduction of input-output voltage ratio, as presented generically in Fig. 1.3(a).
Notice that, although eliminating AC-DC conversion stages between the power line
and load, a DC microgrid experiences the use of a low-efficient power converter. For
the sake of illustration lets assume that the DC voltage available at the power line
must be reduced by a ratio of 10 to 1. Fig. 1.3(b) highlights the efficiency of the
converters employed on this microgrid under the conditions mentioned earlier. Notice
that if more than one voltage is available at the power line, it will lead to converters
with higher efficiency since a better input/output ratio can be selected, as in Fig.
1.3(c). This is magnified when the number of converters connected to the power line
increases. As will be presented in the sequence of this paper, a couple of options
of power systems offer the opportunity of using two voltage levels to increase the

efficiency of the microgrid system.

Control Methods used for DC Microgrid Link

Diferent control methods have been studied and proposed for the DC microgrid
link such as droop control method, control system for data centers, voltage control
system for DC link, and etc.

The droop control method is one of the basic methods for controlling the dc
microgrid system. In this method the voltage reference will be reduced linearly as the
output current increased [29-32]. In [33] it has been proposed a control system for
a DC microgrid for data centers. Since the data centers ask for high reliability and
reducing the losses and costs, the use of DC microgrid can meet their expectations.
This control method will coordinate the control of the two converters in the DC
microgrid. In [34] a control method for DC microgrid has been proposed in which
the circulating current will be abolished using only the DC voltage. In this method,
each unit can be controlled autonomously without contacting each other which will

result in higher reliability.



1.1.2 Single-phase Link
Standard 60 Hz Link

The main advantage of designing an electrical power line with a single-phase 60Hz
voltage is the physical structure already established in the current power system.
Furthermore, the benefits of connecting the microgrid directly to the macrogrid as
well as connecting directly a low-power single-phase motor to the line, favors this
electrical link. However, many other disadvantages could limit its application as
represented in Fig. 1.1. They are: 1) pulsating power flowing on the power line,
2) high dec-link capacitor ripple in a rectifier circuit, and 3) just one voltage level

available on the power line.

High-frequency and single split-phase links

An appropriate way to link the renewable energy sources to the loads and grids
is to use the single phase high frequency ac-microgrid [35]. Using the high frequency
may have some disadvantages such as higher power losses. In [21] it has been shown
that the frequency from 400 Hz to 1kHz is suitable for residential applications. As
presented in Distributed Intelligent Energy Management System for a Single-Phase
High-Frequency AC Microgrid [21], the use of a high-frequency power line with a
fundamental frequency of 400Hz is comprehensively used in military and aircraft
applications. The requirements on those industries are to reduce size and weight
of the components. The use of the high-frequency voltage on the electrical link of
the system in Fig. 1 presents some positive and negative aspects. The benefits are:
1) the harmonic components are higher orders than that ones obtained in a 60Hz
system, 2) higher luminous efficiency in fluorescent lighting, 3) less dc-link capacitor
ripple in diode rectifier circuits, 4) reduced filter sizes, 5) benefits both high-speed
motor drives (e.g., 5000 rpm) employed in turbine compressors and blowers as well as

melting iron and steel in induction furnace. The disadvantages of the high-frequency



link are: 1) higher power losses and drop voltage on the link, 2) guaranteeing the
same flux operation with V/Hz, a motor connected directly to the link will require
higher voltage than the ones supplied by a 60Hz link, 3) pulsating power flowing
on the power line, 4) just one voltage level available on the power line, and 5) the
need of power converters for interfacing the grid. Although the single split-phase
has the advantage of furnishing two voltage levels at the power line, allowing higher
efficient converters as in Fig. 1.3(c), some challenges remain to make this power
system attractive for an application as depicted in Fig. 1.1. These challenges include

pulsating power throughout the line and high ripple in a diode rectifier.

1.1.3 Hybrid Microgrid

Recently a hybrid ac/dc microgrid has been studied by [25], which presents the
main advantage of furnishing both dc and ac voltages throughout the lines, avoiding
either dc-to-ac or ac-to-dc conversions, and improving the efficiency of the whole sys-
tem. Although the hybrid ac/dc microgrid furnishes two links with different levels of
voltage available, it needs four wires to distribute the electrical energy among sources
and loads connected to the power line. The hybrid ac/dc microgrid consists of both
ac and dc links. That is, when this microgrid is connected to a power converter,
both ac and dc links are available at the output [36,37]. Since the deployment of DG
systems has been increased, the management of DG systems and the power grid has
become a major concern [38,39]. For improving the interconnection of different DG
systems and the power grid, the hybrid ac/dc microgrid has been used. In [7] the
hybrid microgrid consists of various renewable energy sources has been considered.
The hybrid ac/dc microgrid has been proposed in [40] to reduce the number of con-
versions in ac or dc microgrid. Fig. 1.4 shows the ac and DC links available at the

power converters output which is connecting the DG system to the hybrid microgrid.
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Fig. 1.4. Hybrid Microgrid

Several control strategies have been proposed for using in hybrid Microgrid links,

such as : Control of interlinking converter [41,42], power control and management

[43,44], and etc.

1.1.4 Three-Phase Microgrid

Three-phase microgrid systems can be grouped into two different categories: 1)
Three-phase three wire microgrid, and 2) Three-phase four wire microgrid [23,45].
The three-phase three wire microgrid consists of three lines (phases) and the only
voltage available at this kind of microgrid is the line-line voltage. On the other hand,
in the three-phase four wire microgrid, 2 voltages are available: the line-line voltage
and the phase voltage. As the example of the single-phase 60Hz power system, the
three-phase one has the advantage of presenting a physical structure already estab-
lished in the current power system along with the direct connection to the macrogrid
and constant power throughout the line. The ability to supply three-phase motors
without power converters can also be cited as one advantage. However, as mentioned

earlier, in the idealized microgrid scenario it is expected that the majority of the



motors will be supplied by drive systems, which means power converters interfacing
power line and motors. The disadvantages are associated to just one voltage level
available while using three wires and the need of ac-dc-ac converters. A three-phase
four-wire power link allows the utilization of two voltages levels with a difference of
3 on the amplitude of these voltages. However, it needs four wires. Fig.1.5 shows the
three-phase power converter proposed by [46,47] which uses two conversion stages in
order to boost DC voltage and then convert it to a three phase AC voltage. This is

power is the conventional bidirectional power converter with eight switches.

K | Kk
4

L1 09 3 ~;b
Idc 2 -

Fig. 1.5. Bidirectional three-phase system

1.1.5 Poly-phase(four-, five-, and six-phase) Link

Although the amount of conductor used in cross-sectional area of each wire reduces
by increasing the number phases, as presented in Fig. 3(b), the number of wires is
defined by the numbers of phases, which increases complexity and cost to distribute
the energy in the microgrid of Fig. 1. Furthermore, the relationship between the
number of voltage levels per number of wires is a disadvantage of a poly-phase micro-
grid system. More details about these systems will be provided in the final version of

the paper.
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1.1.6 Two-Phase Microgrid

Two-phase microgrid system consists of two voltages (v, and vg) in quadrature.
Fig. 1.6 shows the two-phase microgrid link. The two-phase microgrid system de-
scribed in this thesis has the following advantages: 1) constant power at balanced
conditions; 2) two voltages available by using a three-wire system, i.e., line-line (V};)
and phase (V};,) voltages with Vj; = v/2V,;,; 3) optimized voltage utilization compared
to a three-phase system; and 5) direct connection of both symmetrical two-phase and
single-phase machines. The main disadvantages of the proposed two-phase microgrid
are the need of an interfacing converter to connect the microgrid with the conven-
tional utility grid and the unequal rated currents throughout the wires. The neutral
wire dealing with the neutral current must be designed to avoid overheating condi-
tions since it carries 1.414 times the current in the other two phase wires. Two-phase

microgrid system has been studied and proposed recently by [48].

Symmetrical olo
Two-phase 1?/;2%(&: phase
Motor :’%
)=
_ ﬁ Lower Voltage  Higher Voltage
© ! ~\I <L (Phase voltage) (Line-line voltage)
g: o
T
<! B 3
Sip / / AC
~y N = %
\ /

AC

1]
ON®

Fig. 1.6. Two-phase microgrid system.
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1.1.7 Comparison Among the Previous Electrical Link Architectures

Table 1.1 summarizes the comparison presented in this paper. Notice that, the

higher relationship between the number of voltages available per number of wires is
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Table 1.1.
Comparison among the power line candidates for the microgrid in 1.1.

# of voltages | # of voltages | Direct connection to | DC link capacitor

Types of MG Type of power available available/wire microgrid ripple
DC Constant 1 % No 0

Single-phase 60Hz Pulsating 1 % Yes 2.016

Single-phase HF Pulsating 1 % No 0.38

Single Split-phase Pulsating 2 2 Yes 4.038
Hybrid Both 2 i No 0

Two-phase Constant 2 % No 2.85
Three-phase 3-wire Constant 1 % Yes 1
Three-phase 4-wire Constant 2 % Yes 1

Poly-phase (4-phase) Constant 2 % No 1.884

for both two-phase and single split-phase. However, the ripple on a diode rectifier as

well as the type of power on the line discourages the use of the single split-phase.

1.2 Interconnection of Renewable Energy Sources to the Utility Grid

Now a days central power stations mostly has been replaced by the use of dis-
tributed energy resources [49]. Renewable energy sources such as photovoltaic, and
wind must be connected to the grid using the power electronics interface such as
controlled power electronics converters [50], [51]. These power electronics interfaces

are as shown in Fig. 1.7.

Power Input Power
Processor Power Output Load
vi 5> e Vo
Control
Signals
E Measurements
Controller
[ <€—— Reference

Fig. 1.7. Power Electronic System [50]
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1.3 Power Converters

The power processor block shown in Fig. 1.7 consists of different conversion stages
which can be referred as a power converter [50]. Power converters consists of energy
storage elements such as capacitors, and inductors as well as semiconductor devices
such as IGBT switch. In the conversion stage these switches are controlled by the
signal electronics [50], [52].

Fig. 1.8 shows an example of a power converter (conversion stage) consists of six
semiconductor switches (IGBT), and a capacitor. These power converters may be

categorized into broad categories as shown below: [50].
e DC-DC
e DC-AC
e AC-DC

e AC-AC

Some power converters depending on the situation in which they are used can

have more than one conversion stage such as:
e DC-DC-AC
e AC-DC-AC

A brief explanation of the DC-DC converter can be found below:

DC-DC power converter can deal with unregulated DC voltage and convert it
to a controlled DC voltage. One of the main applications in which the DC-DC
converters are used is in DC motor drive applications and renewable energy systems.
Based on the desired amplitude for the output DC voltage, these converters can
be categorized into either Step-down converter (Buck) [53-55] or Step-up converter
(Boost) [56,57]. In the buck converter the amplitude of the output voltage is less
than the input DC voltage and in the boost converter the output is bigger than the
input dc voltage [50,58,59]. Fig. 1.9 shows the Switch mode DC-DC conversion.
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Fig. 1.9. Switch-mode dc-de Converter [50]

1.4 Power Systems

Since the fossil fuels are running low, the current power systems are coming to
an end. For this reason there should be another solution for generating stable power.
Sources such as wind, sun, and water are unstable and changeable so it would be
hard to get stable power using these sources. Microgrid is a solution for this problem

which has advantages such as being automatic, stable, and balanced [60], [61].
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2. MICROGRID SYSTEM WITH VOLTAGES IN
QUADRATURE

2.1 Introduction

A new concept of microgrid is studied in this chapter, which is based on the
two-phase power systems with two voltages in quadrature. The two-phase microgrid
system described in this chapter has the following advantages: 1) constant power at
balanced condition; 2) two voltages available by using a three-wire system, i.e., line-
line (V};) and phase (V) voltages with Vj; = ﬂ%h; 3) optimized voltage utilization
compared to a three-phase system; and 4) a direct connection of both symmetrical
two-phase and single-phase machines. It is worth mentioning that the proposed two-
phase microgrid system presents unique advantages that cannot be addressed by either
single-phase or three-phase microgrids.

The current research dealing with microgrids has been developed considering the
electric power systems available today, such as dc, ac single-phase and mainly ac three-

phase systems. However, the first poly-phase electric power system used two phases

ialgf;ﬁ:zal Single-phase
Motor Motor
—
)=
ﬁ Lower Voltage  Higher Voltage
o l/__“n d (Phase voltage) (Line-line voltage)
T Ol
S| I v
~
A P ; - v AC
1
N N ; T T
=0 C9 CDE3
£ 1
T T

Fig. 2.1. Two-phase microgrid system.
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with a 90 degree phase difference, and it was employed during the early 1890s [62].
Westinghouse Electric Corporation employed a two-phase generator for the first ac
powerhouse with 25Hz at Niagara Falls when operations started in 1895 [63]. At that
time, the use of a two-phase system was motivated by the conviction that it would
provide satisfactory voltage regulation [3]. In 1898, the Pacific Light and Power
Company installed two-phase generators near Los Angeles, CA [62]. Since the devel-
opment of the three-phase induction motor has its inherent advantages over the other
types of machines, the three-phase system has become the standard commercial type

of service provided by electric companies.

However, the recent challenges faced by the power system (e.g., ever-increasing
distributed generation and bidirectional power flow) have created an environment in
which the old concepts like two-phase systems could be renewed by taking advantage
of their features. The characteristics of the two-phase power system are presented in
this chapter considering the microgrid point of view. As discussed throughout this
chapter, the two-phase microgrid system presents specific advantages when compared

to a three-phase system, which has been explored for this application.

2.2 Advantages of the Proposed Microgrid
2.2.1 Constant Power

Among the ac microgrid types available in the technical literature, the single-
phase microgrid has an inherent pulsating power, which can restrict the design of this
microgrid in terms of the amount of power allowed. On the other hand, dc and three-
phase (under balanced conditions) microgrids are characterized by constant power
throughout the line. For the two-phase microgrid system, as it is observed in the
three-phase system, the instantaneous real power contains only the average power

when the voltages and currents comprise only their fundamental positive-sequence
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components. In this case, v, = V cos(wt), vg = Vsin(wt), ia = I cos(wt+ ¢),

ig = Isin (wt + ¢) and since P =V I =

p = VIcos(¢) (2.1)
g = VlIsin(¢) (2.2)

2.2.2 Two Voltages Available

In a three-phase system the difference between two phase voltages defines a line-
line voltage (with V;; = \/ngh), but in a conventional three-phase system both phase
and line-line voltages are available only in a three-phase four-wire system (three wires
plus neutral wire).

In the case of a three-phase three-wire system, just the line-line voltages are
available. The availability of voltages with different amplitudes throughout the line
has considerable importance in a microgrid environment. Many of the sources/loads
connected to a microgrid have different voltage requirements, which means that the
converter’s design could be optimized if different voltages were available. The pro-
posed two-phase microgrid presents two voltages available by using only three wires.
For this system, the relationship between phase and line-line voltages is given by
Vii= ﬂ%h. It is worth mentioning that high-voltage-ratio converters normally have
lower efficiency than those with smaller voltage-ratio conversion, which means that
either Vj, or Vj could be used to avoid high-voltage-ratio converters and increase

efficiency of the converters as a whole.

2.2.3 Direct Connection of Two-phase and Single-phase Motors

There are a notable number of low-power applications that employ single-phase
machines such as pumps, tools, compressors, fans, and household appliances. The
most common form of a typical two-phase machine is the permanent split-capacitor

motor, usually recognized as the single-phase induction machine. However, the sym-
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metrical two-phase motors represent an interesting solution for low-power applications
due to constant power/torque, instead of a pulsating power observed in the single-
phase motors [64]. Furthermore, a single-phase motor can still be connected directly

to a microgrid line, as observed in Fig. 2.1.

2.3 Interfacing Converter

Fig. 2.2 shows four bi-directional power converters employed to interface single-
phase and three-phase utility grids to a two-phase microgrid system. Fig. 2.2(a)
shows the conventional solution using five legs, while Fig. 2.2(b) shows the converter
with four legs [65], which presents a leg shared (g3) between the single-phase utility
grid and the two-phase microgrid. A direct comparison between the conventional
solution and the configurations with a minimized number of components shows a
reduction of two power switches. Furthermore, due to the synchronization technique
presented in this chapter no voltage restriction is observed for the converters in Fig.

2.2(b) when compared to the one in Fig. 2.2(a).

2.3.1 PWM Control for the Four-leg Converter

The single-phase to two-phase bi-directional converter is made up of four legs.

The voltages at the grid side (v,) and at the two-phase microgrid side (v,, vg) are

given by:
vy, = Vg0 — V30 = (qg — q3)E (2.3)
Vo = V10 — V30 = (Q1 - Q3)E (2-4)
Ug = U0 — U30 = (QQ - C_IS)E (2-5)

where vy, V10, V20 and vsg are the grid and the microgrid terminal voltages and refer

to the same dc-bus mid-point.
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If the desired phase voltages are given by vy, vy, and v, then the reference mid-

point voltages may be expressed as:

*

Vg0
*

V10
*

Voo

*
Usg

_ * *

= vg—l—vu

. * *

= va—i—vu

_ * *
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— —~ — —
oo -~ D
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The reference voltage set is composed of vy, v, v; and 0. The voltage v;, was intro-

duced to minimize the voltage distortion.

Two-phase

Single-phase J J
utility grid
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o
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Converter 1

Two-phase
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Fig. 2.2. Bi-directional power converter employed to interface utility
grid and a two-phase microgrid system: (a) Conventional solution
using five legs for single-phase grid and (b) solution by using four legs

for single-phase grid.

Converter 2

(b)
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*

The voltage v},

can be calculated taking into account the general apportioning
factor p for both converters 1 and 2 together (converter 1 is composed of switches g,
and g3 and their complementary switches, while converter 2 is composed of switches

¢1, ¢2 and g3 and their complementary switches). In this sense v, can be given as:

* 1 * *
U/L - E(lu’ - 5) — HVpax + (:u - 1)Umin‘ (210)
where vy, = maxV and vy, = minV where V' = {v;,v;,v5,0}. This expression

was derived by using the same approach as used to obtain the equivalent expression
for the three-phase PWM modulator [66], [67].
The apportioning factor 1 (0 < g < 1) is given by:

1= toi/t, (2.11)

and indicates the distribution of the general free-wheeling period ¢, (period in which
voltages vg0, Usi0, Us20 and vzg are equal) between the beginning (¢, = put,) and the
end (t,r = (1 — p)t,) of the switching period [66], [67].

In this case, the proposed algorithm is:
Step 1. Choose the general apportioning factor y and calculate v;; from (2.10).
Step 2. Determine v, viy, v5 and v3, from (2.6)-(5.12).
Step 3. Finally, once the mid-point voltage have been determined, calculate pulse-
widths 7,4, 71, 72, and 73 by using:

T T
=g + Ev;‘o for j=g¢,1,2 or 3. (2.12)

These are accomplished via programmable times or by comparing the modulating

reference signal vy, v], v3, and v3; to a high-frequency triangular carrier signal.

2.3.2 Synchronization and Control System

The improvement of the voltage rating for the configuration with a shared leg can
be obtained by guaranteeing that both input and output converter voltages have the

same phase angle.
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From (2.3)-(2.5) it can be written:

oy < E (2.13)

;] < B, j=aandj (2.14)

lop —v| < E, kJl=aand fand k #1 (2.15)
|—v,+v;| < E, j=aandp. (2.16)

From (2.13)-(2.16) it can be noted that relations (2.15) and (2.16) determine the
maximum single-phase grid and two-phase microgrid voltages that can be generated
from a given F.

An additional increase of the voltage rating of the four-leg converter can be
achieved by using a type of synchronism between the input (single-phase side) and
the output (two-phase side) converter voltages.

Since the maximum voltage difference between two pole voltages is £ then V, <
E,V < E/v2 and considering that v, = —V, cos (wt — 45° 4+ ¢), v, = V cos (wt),

vg = Vsin (wt), the following equations can be derived:

VZ+ V242V, Veos(135° —¢) < EP (2.17)

V24 V242V, Vcos(225° —¢) < E° (2.18)

From (2.17) and (2.18) it can be shown that the maximum V, and V are, re-
spectively, £ and E/+/2; that is, the same voltage rating of the full-bridge five-leg
converter, if:

—24.29° < e <24.29° (2.19)

2.3.3 Control System

Fig. 2.3 presents the converter control block diagram. The capacitor dec-bus
voltage v. (v, = F) is adjusted to a reference value by using controller R.. Since
the variables at the link capacitor are dc, a conventional PI controller is enough

to guarantee null error. This controller will provide the amplitude of the reference
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current /7. To obtain the unity power factor, the instantaneous reference current iy
must be synchronized with voltage e, and with the same phase. This is obtained in
block SYN. The current controller is implemented by using a controller indicated by
the block R;. Since 74 is a sinusoidal waveform, a standard PI stationary controller
does not guarantee zero steady-state error. The utilization of a double sequence

synchronous controller [68] is used to overcome such difficulty.

8g eg
SYN - 0
lg
* I* ¥ *
Ve + g . |8,|Generation R g g >
C d fi i P
Z of ig q; |
Ve 2 » %
Z4 | 2
3 =R > (e}
v S
| L 2 > q3
of |Generation| | >
of vp I

Fig. 2.3. Block diagram of the control scheme.

2.3.4 Shared-leg Current and Power Rating

The average current i, (over the period T') for the switch g3 can be determined
by considering the expression of the pulse-width 73 (2.12); then the average current
is given by:

is = (22 4 %)(Eg —Ta— ) (2.20)
The analysis for switch g5 is similar.

When the synchronization is used, the four-leg converter can operate with the
same dc-bus voltage of the five-leg converter. The maximum current of the switches
g, 1 and o are also the same for the four-leg and five-leg converters. Then the power

ratings of switches g4, ¢1 and ¢, are equal in both converters.
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The maximum current lowing through ¢z is determined by the sum of the maxi-

mum single-phase grid current and two-phase microgrid current.

2.4 Conclusions

A two-phase microgrid system with its power converter interfacing the microgrid
itself and the single-phase utility grid has been proposed in this paper. The main
advantages of the two-phase microgrid system are: 1) constant power at balanced
condition; 2) two voltages available by using a three-wire system, i.e., line-line (V};)
and phase (V};,) voltages with Vj; = v/2V,;,; 3) optimized voltage utilization compared
to a three-phase system; and 4) direct connection of both symmetrical two-phase and
single-phase machines. Besides using a three-wire system, it has been demonstrated
that it is possible to use a converter with just four legs to interface the microgrid to

the single-phase grid, without reducing voltage capability.



23

3. SYMMETRICAL COMPONENTS, POWER ANALYSIS,
AND HARMONIC ANALYSIS FOR A TWO-PHASE
MICROGRID SYSTEM

3.1 Introduction

Fig. 3.1 shows a microgrid being fed by a strong energy source (e.g. wind farm)

as well as weak energy sources (e.g., residential PV and smaller wind sources). In

Low power

Strong Energy wind system

Sources
Low power
PV system
. . Weak Energy
7 ‘ Source
Weak Energy
Source
Load Weak Energy
\.—‘—‘ Source
oo
\ 22555255 _/1
Power line:
- Three-phase
- Two-phase

- Single-phase

Fig. 3.1. Microgrid environment highlighting the physical electrical
link of different sources and loads. C stands for power converter.
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Fig. 3.1 the blocks with C mean power converters interfacing the energy sources and
the power line. Loads are also spread throughout the line. Research efforts have been
developed towards: 1) dc microgrid [19], 2) single-phase 60 Hz ac microgrid [20], 3)
single-phase high-frequency ac microgrid [21], 4) three-phase three-wire microgrid [22],
5) three-phase four-wire microgrid [23], and 6) more recently the two-phase microgrid
with voltages in quadrature [48]. The physical structure of the power line can also
be explored. The two-phase power system presents some advantages as compared to
the single-phase and three-phase systems.

This section presents a mathematical model for the symmetrical components and
power analysis of the two-phase microgrid system.The method of symmetrical com-
ponents was first developed for dealing with unbalanced three-phase systems in 1918

by C. L. Fortescue [69].

3.2 Power Analysis

For a two-phase power system, instantaneous voltages v, and vg and instantaneous
currents 7, and ¢g can be expressed as instantaneous space vectors v and i, given

respectively by:

U= and i = ' (3.1)

The instantaneous active power of a two-phase circuit p can be given by:

pP=T-1 (3.2)

P = Vala + Vgig (3.3)

(132

where means scalar product of vectors. On the other hand, the vector product of

v and ¢ defines a new instantaneous space vector g as follows:

U X1 (3.4)
Vector q is designated as the instantaneous reactive power vector of the two-phase

circuit, or as the nonactive power vector of the two-phase circuit. The magnitude of

|g] is designated as the instantaneous reactive power, i.e.,
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q=|ql = |@ X E\ = = Vais — Vgl (3.5)

As done for the three-phase power systems and for three-phase microgrids [70],

the p and ¢ can be written as:

3

p=p+p (3.6)

+
+4q (3.7)

s

q:

where p,q and p, ¢ represent the average and oscillating components of p and ¢, re-
spectively. As shown in Fig.3.2, assuming v, = V, cos(wt), vz = Vssin (wt + ¢),
io = I, cos (wt + @), ig = Igsin (wt + ¢ + ¢), then the active and reactive powers are

given respectively by:

:Va

Fig. 3.2. Unbalanced voltages and currents in a two-phase system.

Vol Vil
Valo | Vsls

p=( ; 5 Ycos(o)
1 . (3.8)
+ [="2cos(2wt + ¢) — [32 Bcos(th + 2 + ¢)]
. Vol sin(¢ + ) — %Sm(g — )
) 2
E " (3.9)
+ = sin(2wt + ¢ + &) — <5 Esin(2wt + ¢ + 9)

Considering a balanced case, V, = V3 =V, I, = Ig = I, and ¢ = 0 then the

instantaneous active and reactive powers are given respectively by:
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p = VlIcos () (3.10)
q = VlIsin(¢) (3.11)

Since the power delivered by the source and the power consumed by the load
are constants [Fig. 3.3(a)], there is no low-frequency components on the de-link
capacitors, which benefits its design in terms of the capacitance needed. In the case
of a single-phase power line, the pulsating power generated at the source side, as in
Fig. 3.3(b), introduces some challenges on the dc-link capacitor design. In this case,
the pulsating power coming from the power line goes to the capacitance since the
load deals with constant power. A higher capacitance is required as compared to the

Fig. 3.3(a).

3.3 Symmetrical Components

The unbalanced phasors of a two-phase system can be resolved into a two balanced
system of phasors using their symmetrical sets of components. The symmetrical sets
of components in a two-phase system are positive and negative components. The
positive sequence of the components consist of two equal phasors in terms of mag-
nitude are in quadrature in terms of angle. These two phasors have the same phase
sequence as the original phasors. The negative sequence components also consist of
two equal phasors in terms of magnitude and in quadrature in terms of angle. These
two phasors have the opposite phase sequence from the original phasors.

If X, and Xp are two variables (e.g., voltage or current) of the unbalanced two-

phase system, then from the above descriptions it can be concluded that:

X, =X+ x5 (3.12)

X=XV + x50 (3.13)
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Fig. 3.3. Power processed by a three-phase motor drive system fed
by: (a) two-phase and (b) single-phase voltage source.

In (3.12) and (3.13) the superscript (4) refers to the positive component and the

superscript (-) refers to the negative component of the phasors.

Fig. 3.4 summarizes the process to obtain the positive and negative components
of the two-phase system. In this figure it is obvious that each of the unbalanced
vectors is the sum of its symmetrical components as it has been shown in (3.12) and

(3.13). For writing the symmetrical components in terms of the unbalanced phasors,
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Fig. 3.4. The process of modeling an unbalanced two-phase system
using its symmetrical components.

first each component of Xg can be written as the product of a component of X, and

j=1/90°.

[e%

X5 =—jx( (3.14)

X5 =5x0 (3.15)
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substituting (3.12) - (3.13) into (3.14) - (3.15) leads to:
Xo =X+ x5 (3.16)
Xp=—3X x5 (3.17)

It can be concluded from (3.16) and (3.17) that:

X, xH
ol A 0 (3.18)
5 «

1 1
where A=

—J J

From (3.18) it is obvious that:

=A! (3.19)

where A7l =

N[— N

The process for the symmetrcial component of Xj is similar to the above process
with this difference that each component of X, should be written as a product of a

component of Xg with j = 1/90°.

1 1
X = 5 X+ 5iXs (3.20)
1 1
X5 =X, - 25X 3.21
~1 1
X5 = — I Xat 5 X (3.22)
o1 1
Xy = i Xa+ 5 X5 (3.23)

Since the symmetrical components of the o and 3 are known, the unbalanced two-

phase system can be simply represented using (3.12) and (3.13).
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3.4 Power Line with Two Voltages Available

In a three-phase system the difference between two phase voltages defines a line-
line voltage (with V;; = \/31/;3;1), but both phase and line-line voltages are available
only in a three-phase four-wire system (three wires plus neutral wire), as observed in
Fig. 3.5(a). In the case of a three-phase three-wire system, just the line-line voltages
are available, as presented in Fig. 3.5(b).

The availability of voltages with different amplitudes throughout the power line
has considerable importance in a microgrid environment. Many of the sources/loads
connected to a microgrid have different voltage requirements, which means that the
converter’s design could be optimized if different voltages were available.

The proposed two-phase microgrid presents two voltages available by using only
three wires, as depicted in Fig. 3.5(c). For this system, the relationship between
phase and line-line voltages is given by Vj; = ﬂ‘/;,h. It is worth mentioning that high-
voltage-ratio converters normally have lower efficiency than those one with smaller
voltage-ratio conversion, which means that either V,;, or Vj; could be used to avoid
low-voltage-ratio converters and increase efficiency of the system as a whole.

A numerical example was considered to demonstrate the importance of having two
voltages available in a micro-grid environment. Let’s assume the case where a battery
(or any other device demanding dc voltage) with a desired dec voltage equal to 310 V
(5 kW) must be connected to a three-phase ac link with 220 V. RMS (310 V peak), as
presented in Fig. 3.6(a). For this particular scenario, the converter loss of the dc-ac
conversion stage is equal to 90 W, which includes switching and conduction losses of
the power switches [71]. Fig. 3.6(b), on the other hand, shows the case where a 220
V (5 kW) battery must be connected to the same three-phase link. In this case an
additional dc-dc power conversion stage must be added to the system to deal with

the voltages requirement. As a consequence the power converter loss increases to 145

w.
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Table 3.1.
Simulated System for three unbalanced cases in a two-phase microgrid.
Unbalanced
Two-phase
System Vo vg &P vgr) o§) v§)

Case 1 150/£50° 100£0° 117/65.83° 117/—-24.17° | 48.78/8.78° | 48.78/90.878°

Case 2 150£0° | 150£100° | 13.073/—85° | 13.073/—175° | 149.429/5° 149.429/95°

Case 3 100£0° 150£90° 25/180° 25/90° 125/0° 125/90°

The dc-dc converter, and consequently its additional losses, can be eliminated if
the proposed two-phase micro-grid system is employed, as observed in Figs. 3.6(c)
and 3.6(d). Fig. 3.6(c) shows the case where the higher voltage (310 V) is required
for the dc side, which means that the ac side of the converter should be connected to
the line-to-line of the ac link. Fig. 3.6(d), in turn, shows the case where the lower
voltage (220 V) is required for the dc side, meaning that the ac side of the converter

should be connected to the phase voltage of the ac link.

3.5 Simulated Results

Fig. 3.7 shows the simulation results obtained to validate the method proposed for
two-phase symmetrical components. Fig. 3.7(a) shows an unbalanced set of voltage
in a two-phase system with different amplitudes and an angle displacement of 50
degrees.

Figs. 3.7(b) and 3.7(c) show the symmetrical components obtained in Section III
for the voltages in Fig. 3.7(a). For validation purposes, such symmetrical components
are added together and the result is shown in Fig. 3.7(d). Notice that Figs. 3.7(a)
and 3.7(d) are identical. This case is being shown in Table I as case 1, which indicates
the values obtained for symmetrical components of v, and vg. In Table I, there are
two other unbalanced cases: case 2, both vectors have the same amplitude of 150 V
and the angle difference of /100°, and case 3, is the case in which two vectors are

balanced in terms of angle but they have different amplitudes.
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Three-phase Four-wire System

A Three-phase Three-wire System
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Fig. 3.5. Voltages availability for: (a) three-phase four-wire system,
(b) three-phase three-wire system, and (c) two-phase three-wire sys-
tem.
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Fig. 3.6. Interconnection between dc and ac variables with three-phase
microgrid for: (a) higher and (b) lower voltages; and with two-phase
microgrid for: (c¢) higher and (d) lower voltages.

For the three-phase system, the major cause of voltage unbalance is the uneven

distribution of single-phase loads, that can be continuously changing across a three-
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phase link [72]. The single-phase loads are equally distributed among the phases to
minimize the unbalance caused by this type of load. Sometimes there is no combina-
tion among the single loads to avoid a system unbalance.

A simple example has been used in Fig. 3.8 and Fig. 3.9 to illustrate the scenario
in which an unbalanced system is inevitable for the three-phase system. But it does
not cause unbalance for the two-phase system. Fig. 3.8(a) shows two single-phase
loads connected to the three-phase link. Fig. 3.8(b) shows the balanced three-phase
voltages among the three-phase link. Fig. 3.8(c) shows the three-phase currents
among the three-phase link and as it is shown in this figure, the currents are unbal-
anced due to the even number of distributed loads. Fig. 3.8(d) shows the pulsating
power among the three-phase link. This ends up as an unbalanced system. However,
if the two-phase link is employed, it leads to a balanced system, as in Fig. 3.9(a). Fig.
3.9(b) and 3.9(c) show the balanced two-phase voltages and currents. In this case
unlike the three-phase link, the currents are also balanced due to the even number
of distributed loads. Fig. 3.9(d) shows the power among the two-phase link, and as
expected this power is a constant. On the other hand, if an odd number of single-
phase loads are considered, the three-phase solutions are likely to present advantages

as compared to the two-phase system.

3.6 Harmonic Analysis

This paper presents a time domain method to analyze the harmonics content in
a two-phase microgrid system. With this analytical method it is possible to evaluate
harmonics and compare the two-phase system with a single-phase and three-phase
systems. The proposed two-phase microgrid presents the following advantages: 1)
constant power at balanced conditions, instead of a pulsing power in the single-phase
microgrid; 2) two voltages available by using a three-wire system, i.e., line-line (V};)
and phase (V) voltages with Vj; = \/§Vph; 3) lower voltage fluctuation as compared
to the single-phase system at the dc-link voltage of a Voltage Source Inverter (VSI)
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fed drive; and 4) a direct connection of both symmetrical two-phase and single-phase
machines. A practical implementation of the two-phase system has been performed
where different type of loads are connected to the two-phase power line to test the
voltage control performance.

Rectifiers mainly inject significant current harmonics to the power network with
harmful impacts on the power systems. These harmonics should be predictable to
determine how they will interact with other components in the power system. In this
section, the single-phase, two-phase, and three-phase rectifiers have been analyzed
in terms of harmonics. Figs. 3.10(b), 3.10(c), and 3.10(d) show the single-phase,
two-phase, and three-phase rectifier, respectively.

Figs. 3.11(a), 3.11(b), and 3.11(c) show the waveforms of the rectifiers in Fig.
3.10, these waveforms are in pu. Fig. 3.11(a) shows the input voltage v, current
is and the dc-link voltage V, for the single-phase rectifier. Fig. 3.11(b) shows the
line-line voltages v,z and vg,, currents ¢, and i¢g and the dc-link voltage V, for the
two-phase rectifier. Fig. 3.11(c) shows six line-line voltages, the dc-link voltage V,,
for the three phase rectifier and the currents i,,i,, and 4. for the three-phase rectifier.

The terms v and 7 in Fig. 3.11 show the instant at which the conduction will
begin and the conduction interval, respectively. According to [73] and [74] one can
analyze the harmonics of single-phase and three-phase rectifier based on the Fast
Time Domain Method and the Sampled-Data Model from ~ and 5. In the two-phase
diode rectifier, there is no current going through the neutral line, as explained in Fig.
3.12(a). In notice from Fig. 3.12(a) that the phase voltages are always smaller than
the line-line voltages. As a consequence the diodes connecting to the neutral line will
never be on and according to this fact the current through the neutral line will be
always equal to zero.

Fig. 3.12(b) shows the equivalent circuit of a two-phase rectifier in half of one pe-
riod. The corresponding differential equations for the conduction and nonconduction

interval are given in (3.24).
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14 14
d Vo Vo
— = AX (3.24)
dt Va Va
vg vg
[“Rs -1 1 1]
L L 1T L
1 =L 9 0
Where A= | ¢ ©F
0 0 0 —w
0 0 w 0

In this case the diode will be modeled as a variable resistor (Ry), so when the
diode is on it will be equal to R,, and when it is off it will be equal to R,¢;.

Using equation (1), diode constraint equations, and the steady state equations
one can determine the intervals v and 7 which will be found using the newton-type
iterative method. Once the intervals v and n are found, one can solve for the current
and voltage harmonics injected by a two-phase rectifier. More details will be presented

in the final version of the paper.

3.7 Conclusion

The symmetrical components and power analysis of a new microgrid system con-
sisting of three wires and two voltages in quadrature are proposed in this paper.
The main advantages of the two-phase microgrid system are: 1) constant power at
balanced condition; 2) two voltages available by using a three-wire system, i.e., line-
line and phase voltages; 3) optimized voltage utilization compared to a three-phase
system; and 4) direct connection of both symmetrical two-phase and single-phase ma-
chines. Also, it was demonstrated that two voltages available at two-phase microgrid
system lead to avoid low-voltage-ratio converters and increase efficiency of the system

as a whole.
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4. NEW POWER ELECTRONIC CONVERTER
INTERFACING A DG SYSTEM WITH HYBRID DC/AC
MICROGRID

This chapter mainly discussed a new topology of power electronics converter able
to connect a distributed generation (DG) system with a hybrid dc/ac microgrid, as
shown in Fig. 4.1(a). Fig. 4.1(b) shows the conventional power electronics converter
for the same application. The main advantage of the new converter is high level of
integration with reduction of one power switch, while keeping the same features of the
conventional solution, such as (i) bidirectional power flow between dc and ac micro-
grids, (ii) independent control in both dc and ac parts, and (iii) different operation
conditions using a unique power conversion circuit. Despite proposing a new solution,
this chapter presents an analysis of the converter in terms of its operation and PWM
strategy, as well as the analysis of the power flow among different elements employed

in the system.

4.1 Converter Description

The proposed converter is composed of five power switches ¢4, @24, ¢34, q1p and
qop arranged in only two legs. The first leg is constituted by three switches qi4, o4
and g3, while the second one is composed of only two switches g, and ggp.

A binary variable is associated with each switch, (i.e., ¢, = 1 is used when the
switch is closed, and ¢, = 0 when the power switch is open, with x = 1,2,3 and
y = a,b). Notice that, as observed in the conventional converter (with two switches
per leg), the switches in the three-switch leg cannot be turned on simultaneously,
which will avoid a short-circuit through de-link capacitor. Eight possible switching

states could be obtained for this leg, since there are three switches with two switching
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Fig. 4.1. Bidirectional converter interfacing DG system, hybrid dc
and ac micro-grid: (a) proposed solution with five switches and (b)
conventional solution with six switches.

states each (¢, = 1 and ¢, = 0). Many of these switching states are prohibited,
because of either a short-circuit or one of the unwanted switching states. For instance,
when trying to generate lower voltage at point la [see Fig. 4.1(a)] than that at point

2a. Table 4.1 shows all possible states with the indication of no-prohibited states.
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Table 4.1.
Indication of prohibited switching states of three-switch leg.

States | ¢ia | 1 | qie | Prohibited States
1 01070 Yes
2 0] 0] 1 Yes
3 O] 1]0 Yes
4 0|11 No
5 11010 Yes
6 1101 No
7 11110 No
8 1 1 1 Yes

From Table 4.1 it is possible to write the equations to model the three-leg switch,

as follows:

Va0 — [q1a (]- - q2aq3a>] VCap (41)

V200 = [QIaQQa (1 - Q3a>] VC’ap (42>

where Vi, is the capacitor voltage connected to the DG system.
In order to define the voltages at dc and ac converter sides, it is necessary to write

the voltage at the second leg, (i.e., v1p), which is given by:
V160 = q16Veap (4.3)
or

V1o = (1 - Q2b) VCap (4-4)
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Once the voltages v140, V240 and vy, are defined, it is possible to write the voltages

at dc and ac converter sides, as follows:

Vdc = UV2q0 = [q1aq2a (1 - q3a>] VCap (45)
Vae = Viao — V1b0 = [q1a (q2a + q3a) -
2QIaq2aQ3a - q1b]VCap (46)

Fig. 4.2 shows the equivalent circuits of the proposed configuration, highlighting
how each voltage has been obtained for both converter sides. For the dc side, just
two values are possible either V. = 0 [see Figs. 4.2(a)-4.2(d)] or Vye= V.4, [see Figs.
4.2(e)-4.2(f)], while for the ac converter side, three values are verified: v,. = 0 [see
Figs. 4.2(a), 4.2(d) and 4.2(f)], vee = Veap [see Figs. 4.2(c) and 4.2(e)], or vge= -Veap

[see Fig. 2(b)] which allows this side of the converter to generate ac voltage.

4.2 PWM Strategy

The gating signals of the switches must be obtained to avoid the prohibited states
as well as to guarantee independent control at both converter sides. Notice that
all gating signals of switches employed in the proposed configuration are obtained
directly from the comparison of reference voltages v}, Vj. (and combination of both)
with the triangular waveform, as observed in Fig. 4.3(a).

It is worth mentioning that, for the leg with three switches it is not possible to
generate lower voltage at point la (see Fig. 4.1) than that at point 2a. In the same
way, it is not possible to produce a higher voltage at point 2a than that at point la.
This can be implemented just by adding an offset value in the reference of the ac
voltage, as done in Fig. 4.3(a). The reference waveforms used for PWM generation
are presented in Fig. 4.3(b).

If the desired voltages for the dc and ac converter sides are given respectively by

Vi and vf, = V7 cos(wt+6), where V% is the peak value of the reference voltage, then
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Fig. 4.2. Equivalent circuits of the proposed configuration (The con-

verter with five switches).

the reference voltages from the points la, 2a and 1b to the point 0 may be expressed

as:
Vaa0 = Vi (4.7)
* Uzc *
Va0 = 2 of fset (48)
— _Yac (4.9)

/Uikb() - 2 + o?fset
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Fig. 4.3. (a) PWM scheme. (b) PWM waveforms for the proposed converter.

where V%, is the voltage to avoid the prohibited states, with V. . = Vi + V7 /2.

C

The amplitude modulation ratio for the proposed converter can be defined as m, =

2‘/:;(0/(VC*ap - Vd*c)
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Once the reference voltages have been determined, the pulse-widths and conse-
quently gating signals can be generated with programmable timers for a digital imple-
mentation. Alternatively, the gating signals can be generated comparing modulating
reference signals v3,,, v],, and v}, with a high frequency triangular carrier signal, as

observed in Fig. 4.3(a).

4.3 Modes of Operation

Fig. 4.4 shows the sketch maps of the energy flow under different operation modes.
This figure highlights the energy flow among the three elements found in the hybrid
dc and ac linked micro-grid. In Mode I ac and dc links are demanding energy from
the DG, while in Mode II the dc micro-grid is demanding energy while the ac link is
not connected anymore. Mode III is the mode in which ac link is demanding energy
while the dc link is disconnected. Mode IV and V are two modes in which ac and dc
microgrids are generating power to the system respectively. As observed in Fig.4.4
the ac and dc links can either deliver or receive energy or still be out of operation;
i.e., no energy is received or delivered. On the other hand, the energy flow in the
DG is unidirectional (e.g., photovoltaic panel and wind turbine followed by a diode
rectifier), which means that this element cannot receive energy. Both proposed and
conventional converters (Fig. 4.1) are able to deal with all operation modes in Fig.

4.4.

4.4 Power Management

As discussed in Section IV, this converter can operate in five different modes. In
Fig. 4.4(d) and 4.4(e) the ac and dc grids are generating instead of consuming power,

respectively. The power management for these two modes are described below.
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4.4.1 Mode IV

In Fig. 4.4(d), the ac grid is sending energy to the converter plus dc microgrid.
It has been used a phase-angle control to deal with the amount of ac energy either
delivered or received by the ac microgrid.

Fig. 4.5(a) shows an equivalent circuit highlighting the ac variables of the system.
In this figure Vac, fac and VPCC are the phasors for v, 7. and the voltage at the PCC
(Point of Common Coupling), respectively. X,. is the equivalent impedance for the
LPF.

Fig. 4.5(b) shows the phasor diagram for the variables presented in Fig. 4.5(a).
The power between the ac grid and converter can be calculated by using 4.10. Notice
that by controlling (6), it is possible to change the power either received or delivered

by the ac microgrid.

‘/acVMG

ac

sind. (4.10)
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Fig. 4.5. (a) Equivalent circuit for ac variables. (b) Phasor diagram.

4.4.2 Mode V

In Fig. 4.4(e), is shown a mode in which the dc micro-grid is generating instead
of consuming power. In this mode there has been used a PI controller in order to
control the dc current and consequently the power. Fig. 4.6 shows a closed loop
control block diagram. In this figure the dc current is compared with the reference
current and applied to a PI controller. The output of the PI controller will be the

input voltage of the converter.

* *
Lac PI e owm+ | Y [ pe
%) Converter Microgrid

Fig. 4.6. Control block diagram for dc variables.

[dc




o2

4.5 Low Pass Filter

By using Kirchhoft’s law for the LCL filter as shown in Fig. 4.7, it yields:

e — ie —ig =0 (4.11)
Vae — Ve = Tae( Ry + $L1) (4.12)
Ve —€g = ig[(Ra+ Ry) + s(La + L) (4.13)
1
=i (— +R, 4.14
Ve =1 (SCf + R.) (4.14)
PCC
i ig Lg
] .
LPE,| ! %feg
! a
|

(b)

Fig. 4.7. (a) Low pass filter applied in ac micro-grid. (b) LCL-type filter.

Considering (4.10)-(4.13) it is possible to establish the block diagram of the LCL
filter as depicted in Fig. 4.8. This block diagram has been employed to design the
filter by using bode diagram.
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Fig. 4.8. Block diagram of the LCL filter.

4.6 Simulation Results

The parameters employed for the simulation tests were, DG voltage: 200V; C' =
8800uF'; switching frequency: 5kHz; ac link voltage and frequency: 110V (RMS) and
60Hz, respectively; and dc link voltage: 45V'.

Fig. 4.9(a) and 4.9(b) show the dc and ac variables for the Mode I (i.e., ac and dc
links are demanding energy from the DG) without and with LPF (Low-Pass-Filter),
respectively. As expected, with the LPF the voltage applied to the ac link has only
its fundamental component.

Fig. 4.10(a) shows the power waveforms for Mode II in which the ac micro-grid
has been disconnected after 0.35s. At 0.15s there is a step in the dc reference current
meaning more power demanded by the dc microgrid. In this mode only dc¢ micro-grid
is demanding energy from DG system. Also Fig. 4.10(b) shows the power waveforms
for Mode III, in which the ac micro-grid is the only element demanding energy from
the source while dc grid has been disconnected after 0.3s.

Fig. 4.11(a) shows the power waveforms when the ac microgrid is generating
instead of demanding power, as it has negative power. In Fig. 4.11(a) the ac power
has a negative value and after 0.3s there is a transient in that waveform. At this
moment the angle difference between the ac voltage generated by the converter and

the voltage of the ac micro-grid has been changed, as discussed in Section V.A.
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Fig. 4.11(b) from 0.1s to 0.2s shows the operation of Mode I (both micro-grids
are demanding power from DG), while at 0.2s there is a transient in the dc¢ microgrid
demanding more power from DG. On the other hand, from 0.3s to 0.45s the dc micro-
grid is delivering power to ac microgrid (Mode V); as a consequence, the amount
of power delivered from DG is reduced. As expected by the theoretical study, the
proposed converter deals with the bidirectional energy power flow required in a hybrid

microgrid system.

4.7 Conclusion

In this chapter was studied a power electronics converter able to connect a dis-
tributed generation system with a hybrid dc/ac microgrid. Bidirectional power flow
capability between dc and ac micro-grids, independent control in both dc and ac
parts of the converter, and different operation conditions by using a unique power

conversion circuit are the main advantages of the proposed converter.
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5. TWO-PHASE MOTOR DRIVE SYSTEM BASED ON A
SEVEN-SWITCH CONVERTER

5.1 Introduction

Single-phase machine is popular in applications requiring fractional horse-power
motor. For instance, two-phase motors can be found in home appliances, industrial
tools or small power applications [75]. It is quite often to employ this type of motor
as fixed speed drives, which means that the motor can be connected directly to the
utility grid. However, a dc-ac power converter can be used when a variable motor
speed operation is required [64], [76].

Symmetrical two-phase motors (with two symmetrical stator circuits shifted by
90 mechanical degrees) can be considered as an interesting alternative for fractional
horsepower variable-speed drive, due to its characteristic of no pulsating torque pro-
duced as observed in single-phase motors [77]. For instance, the two-phase motor can
be used for heating, ventilating, and air-conditioning in hybrid electric vehicles ap-
plications [78]. Some hybrid-electrical vehicles have a voltage available at its dc-link
connected on the battery stack lower than the required by the inverter [79], [80].

This chapter proposes and studies an integrated converter interfacing a battery
with a symmetrical two-phase machine with voltages in quadtrature, as depicted
in Fig. 5.1(b). The main advantages of the this converter are reduction of one
power switch and high level of integration, while keeping the same features of the
conventional solution, such as (i) reduction of one power switch and its drive circuits,

and (ii) implementation of two functions using a unique power conversion stage.
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Fig. 5.1. Integrated converter interfacing a two-phase motor drive sys-
tem: (a) conventional solution with eight switches, and (b) proposed
solution with seven switches.

5.2 Converter Model

The proposed converter is shown in Fig. 5.1(b). This converter is composed of
seven switches in three legs. The first leg consists of three switches, q1, ¢1,,, and qy;.
The switches in this three-switch leg can not be turned on simultaneously to avoid
the short circuit through the dc-link capacitor. Eight switching states are available
for this leg that some of them are prohibited. These prohibited states are shown in

Table 1.



Indication of prohibited switching states of three-switch leg.

Table 5.1.

States | ¢1 | qum | q1; | Prohibited States
1 0] 0 0 Yes
2 0] 0 1 Yes
3 0 1 0 Yes
4 0 1 1 No
5 110 0 Yes
6 110 1 No
7 1] 1 0 No
8 1 1 1 Yes

60
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The equations related to the three-switch leg can be obtained using Table I, as

follows:

v10 = [q1(1 — qum@1i)]ve (5.1)

V10 = [q1qim (1 — qui)]ve (5.2)

Where v, is the dc-link voltage. In order to define the voltages at ac and dc converter

side, it should be necessary to write the equations of the other two legs.

V20 = (2V¢ (5-3)
V30 = G3Vc (5.4)
where @9, and g3 are the state of the switches of the second and third legs.

Once the voltages v1g, and vy are defined, it is possible to write the voltages at

dc and ac converter sides, i.e.:

Vie = vimo = [@1q1m (1 — q19)] ve (5.5)
Vsd = V10 = Uno = [q1 (Qum + qui) —

2q1G1mG1ilve — Vno (5.6)
Usg = V20 = Uno = G2Uc = Uno (5.7)
Usn = U30 = Uno = q3VUc — Uno (5.8)

5.3 PWM Strategy

The gating signals of the switches must be obtained to avoid the prohibited states
(short-circuit or one of the unwanted switching states) of the proposed converter
as well as to guarantee independent control at both converter sides. If the desired

*

voltages for the dc and ac converter sides are given respectively by Vj, vI, and
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v}, in which v}, = m,V} cos(wst), and v, = m,V; cos(wst + 90°); where m, is the

modulation index, then the reference pole voltages may be expressed as:

v = Va (5.9)
Vig = Vgt Voprset (5.10)
Vg = Usg + Vofpset (5.11)
vso = Vorfser (5.12)

*

where V%, . is the voltage to avoid the prohibited states, (V) f.; = Vi + V57)

This approach to generate the reference pole voltages are presented schematically
in Fig. 5.2(a). Fig. 5.2(b) highlights the closed-loop control used to regulate the dc-
link capacitor voltage (v¢). The capacitor de-link voltage ve is adjusted to a reference
value by using PI, controller. This controller provides the amplitude of the reference
current /4. The current controller is implemented by using a PI controller indicated
by PI;. More details about the PWM and control strategies will be presented in the

final version of the paper.

5.4 Control Strategy

Fig. 5.2(b) presents the control block diagram for the proposed converter. The
capacitor voltage v, is adjusted to its reference v} value by using a controller P1,. This
controller provides the amplitude of the reference current /.. The current controller
is implemented by using a controller indicated by the block PI;, which furnishes the
voltage V. employed in the PWM scheme presented in Section III. The ac voltages

*

*
v and 7).

for the three-phase converters have been obtained in open-loop (v%,, v
Ve in Fig. 5.2(b) is considered as a disturbance for the controller. It is assumed
that the current controller will be able to compensate this term.

One way to define the gains of the proportional-integrator (PI) controller is writing

the open-loop [H(s)] and closed-loop [G(s)] transfer functions. Assuming that the
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PWM + I{ic
Converter ~ | LstR

(b)

Fig. 5.2. (a) PWM Strategy, and (b) Control Block Diagram.

converter is an ideal controlled voltage source, the open loop transfer function is given

by:

Ki(Zrs 41 1
H(s) = (& )L R (5.13)
s 5s+1
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Canceling the zero of the controller with the pole of the system, the open loop transfer

function depends only of the K; and R as follows:

K.
H = = .14
() = 2 (5.14)
since:
K, L
- _ = 1
e I (5.15)

The closed-loop transfer function is obtained as below:

K.
= - 1
Gls) K;+ Rs (5.16)
which means a pole placed at:
K
= : 5.17
s = (517

Equations (13) and (14) are enough to find the controller’s gains. The design of the

gains of the voltage controller can be obtained similarly.

5.5 DC-Link Capacitor Variables

The de-link capacitor current (icq,) for the conventional and proposed converters

can be written respectively as following:

iCap - Q1Idc - Q2isd - QSisq - C]41.577, (518)

Z'Cap - q1(q1mIdc - Z.sd) - q2i5q - q3isn- (519)

Alternatively, the dc-link capacitor currents for the conventional and proposed con-

verters can be obtained as a function of input and output powers as presented below:

Pi P out

5.20
‘/cap V;:ap ( )

1Cap
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. P, v P
ica () — - (5.21)
Y ‘/cap ‘/;ap ‘/cap
The power losses on the dc-link capacitor can be calculated by:
Pl = 045ESRuoom=(112,,) (5.22)

where ESR(10052) is the equivalent series resistance at the frequency of 100Hz, and

IHo

c,rms

is the high-order root mean square (RMS) of the current on the de-link for high
harmonic component (h > 50). As FRS is almost constant for frequency higher than
3KHz, the P depends only of the I° = which means that the reduction of the

c,rms?

power losses on the dc-link capacitor is determined by RMS current.

Fig. 5.3 illustrates the harmonic spectrum of the dc-link capacitor current. Com-
paring (20) with (21) the term v],/V.q, for the proposed topology will be responsible
for the reduction of high frequency components. The proposed topology provides the
reduction of the high-order harmonic frequencies when compared with conventional
one and consequently the power losses on the capacitor will be lesser.

The dc-link capacitor voltage for the proposed converter is larger than that of the
conventional one due to the three-switch leg, which requires a V, s (to avoid the
prohibited states). In this case de-link capacitor voltage is defined by the sum of ac

and dc desired voltages.

5.6 Simulated and Preliminary Experimental Results

The system showed in Fig. 1(b) has been simulated using PSIM. The variables
used in this simulation are as shown below:
ve = 155V L; = 2mH; R, = 10Q2 and L, = 3mH.
Fig. 5.4 show the states of the switches at the first leg in Fig. 5.1(b). As it has been
discussed above the states of the switches should be in a way to avoid the prohibited
states in Table I which depends on the PWM strategy. Fig. 5.4 demonstrates this
fact that all the prohibited states are avoided.
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Fig. 5.3. Spectrum of the dc-link capacitor current: : (a) conventional,
and (b) proposed topology.
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Fig. 5.4. States of the Switches in leg with three switches.
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Fig. 5.5 shows the voltages across switches ¢, q1,n, and ¢y;. This figure, as well as
Fig. 5.4, demonstrates this fact that the prohibited states are avoided. According to
Table I, the states 4,6, and 7 are non prohibited states and Fig. 5.5 shows this fact that
the only states available are these three states. The fact of avoiding the prohibited
states can also be demonstrated using the currents through switches ¢1, ¢1,,, and qy;

as depicted in Fig. 5.6.

55 wll T HTNOHNOONNNN
Sl TOOOONNONNNT
= 8.1 0.1001 0.1002 0.1003 0.1004 0.1005 0.1006

ime(s

Fig. 5.5. Voltages across switches q1, q1m, and qy;
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< 20 ,—_\ [ \ ' ‘ ’ | |
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.2042 0.2042 0.2043 0.2044 0.2044
Time(s)

Fig. 5.6. Currents through switches q1, q1,,, and qy;

Fig. 5.7(a) shows the currents for the two-phase motor. As expected, the currents
isq and iy, are in quadrature. Fig. 5.7(b) presents the line to line voltage. Figs.
5.7(c) and 5.7(d) show the operation of the cascade controller. These two figures
demonstrate the operation for both controllers. Notice that the measured variables

I, and v are following the reference values [)j. and v§.
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5.7 Conclusion

An integrated power electronics solution able to connect a battery with a two-
phase machine with bidirectional power flow characteristics is proposed in this paper.
The main advantages of this solution are : 1) reduction of one power switch and
its drive circuits and 2) implementation of two functions by using a unique power
conversion stage. Simulation results were presented in this version of the paper while

the experimental results will be presented in the final version of the paper.
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6. EXPERIMENTAL RESULTS

6.1 Practical Implementation

The experimental results were collected from a dASPACE based system supplying
a three-leg inverter operating at 10 kHz. A balanced two-phase load (80 €2 per phase)
has been employed for testing the two-phase microgrid under balanced conditions,
as presented in Fig. 6.1(a) for a line-to-line voltage equal to 208 Vgzps. On the
other hand, Fig.6.1(a) presents an unbalanced load with R, = 40Q and Rg = 801.
Notice that in both cases the inverter guarantees balanced voltage with voltages in

quadrature.
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Fig. 6.1. Experimental results for currents (top) and voltages (bot-
tom) waveforms: (a) balanced conditions (b) unbalanced loads. 5
A/div and 100 V/div.
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For testing positive and negative sequences and consequently their ability to rep-
resent an unbalanced two-phase system , a set of reference voltages for the PWM has
been changed as compared to the tests presented in Fig. 6.1. In this case, the unbal-
anced condition was created by the reference voltages feeding the PWM module, i.e.,
positive sequence given by o) = 120cos(2w50t 4 65.83°) and v;(ﬂ = 120cos(2w50t —
24.17°), while the negative sequence was given by v = 50cos (2750t + 0.878°) and
v;(_) = 50cos(2m50t — 90.878°). The results for the symmetrical components are
presented in Fig. 6.2.

Tek PreVu | —

Chi] 5.00 AQ |Ch2[ 5.00 A< M[10.0ms A] Ch1 J 100mA
gk 100V Chd| 100V 28 May 2014
10:45:43

Fig. 6.2. Experimental results with symmetrical components for a
two-phase system.
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The two-phase microgrid has been also tested with non-linear loads, as presented in
Fig. 6.3. Fig. 6.3(a) shows the microgrid voltages in quadrature (bottom waveforms)
supplying a non/linear load as presented in Fig. 6.1. In this case the amplitude
reference voltages were selected as 100 Vjeqr. Although the presence of the current
harmonics, the control system has regulated the voltages satisfactorily. Also, Fig.

6.3(b) shows the results for the same load fed by 200 V...
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Fig. 6.3. Experimental results for a two-phase micro-grid supplying a
non-linear load with reference voltage equal to: (a) 100 Vjeqr, and (b)
200 Vieak-
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Fig. 6.4 depicts the currents (top) and voltages (bottom) of the two-phase micro-

grid supplying both linear and non-linear loads connected in parallel.

S —
: f : ' f 7] ;
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Ch3| 100V Chd| 100V
ii++|0.00000 5

Fig. 6.4. Experimental results for the two-phase system supplying
linear and non-linear load.
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7. CONCLUSION

This thesis proposed different configurations of power converters such as two leg, five
switch power converter and the three leg, seven switch power converter. The main
advantage of the new converters is high level of integration with reduction of one
power switch, while keeping the same features of the conventional solution, such as
(i) bidirectional power flow between dc and ac micro-grids, (ii) independent control
in both dc and ac parts, and (iii) different operation conditions using a unique power
conversion circuit. Despite proposing a new solution, this chapter presents an analysis
of the converter in terms of its operation and PWM strategy, as well as the analysis
of the power flow among different elements employed in the system. The proposed
five switch converter is interfacing a DG system with a hybrid DC/AC microgrid and
there will be independent control on each DC and AC links. This means that whether
you have both links available or not, each of these links can be controlled. Also by
having DC link available the power can have the bidirectional flow from the DC to

the microgrid and vice versa.

Also through this thesis there has been proposed the two-phase microgrid system
with voltages in quadrature. The two-phase microgrid consists of three wires, phase
«, phase 3, and neutral. The main advantage of this microgrid over the three-phase
three wire microgrid is that there is two voltages available at this microgrid. Both the
line-line voltage (v;;) and the phase voltage (v,;,). These two voltages have the relation
of Vi = \/51/;,;1. The availability of voltages with different amplitudes throughout the
line has considerable importance in a microgrid environment.

Finally, the experimental results obtained for the two-phase microgrid validate the

theoretical logic and the simulation results obtained during this study.
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