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Abstract - Micro grids intrinsically increase the efficiency
of the electrical system by integrating the RES at the
consumption level, which avoid most of the transmission
losses. The micro-grid is designed to work majorly with
renewable power sources. This hybrid micro-grid is capable
of interconnecting very large AC and LVDC networks,
using a bi-directional AC/DC/AC converter. The AC and
the LVDC networks consist of different feeders with loads
connected at various voltages. The ACMC design proposed
is responsible for controlling the real (P) and reactive (Q)
power from the sources based on load requirement and
voltage control of the LVDC network. It enables the system
to have a plug and play feature. The proposed ACMC has
been implemented on a test system consisting of AC and
LVDC radial distribution networks designed, with a bi-
directional converter. A doubly fed induction generator-
based wind turbine and solar photovoltaic array with
maximum power point tracking have been used as the
sources. The system has been simulated in Simulink. The
results show the ACMC successfully performs the four
quadrant operation of P, Q in the system for various system
conditions.

I. INTRODUCTION

A hybrid ac/dc micro grid is proposed in this paper to
reduce processes of multiple reverse conversions in an
individual acor dc grid and to facilitate the connection of
various renewable ac and dc sources and loads to power
system. Since energy management, control, and operation of
a hybrid grid are more complicated than those of an
individual ac or dc grid, different operating modes of a
hybrid ac/dc grid have been investigated. The coordination
control schemes among various converters have been
proposed to harness maximum power from renewable power
sources, to minimize power transfer between ac and dc
networks, and to maintain the stable operation of both ac
and dc grids under variable supply and demand conditions
when the hybrid grid operates in both grid-tied and islanding
modes. The advanced power electronics and control
technologies used in this paper will make a future power
grid much smarter. In an ac grid, embedded ac/dc and dc/dc
converters are required for various home and office facilities
to supply different dc voltages. AC/DC/AC converters are
commonly used as drives in order to control the speed of ac
motors in industrial plants.

Recently, dc grids are resurging due to the development and
employment of renewable dc power sources and their
inherent advantage for dc loads in commercial, industrial

and residential applications. The dc micro grid has been
proposed to integrate various distributed generators.
However, ac sources have to be converted into dc before
connected to a dc grid and dc/ac inverters are required for
conventional ac loads. Multiple reverse conversions
required in individual ac or dc grids may add additional loss
to the system operation and will make the current home and
office appliances more complicated.

Il. AC-DC CONVERTER
A rectifier is an electrical device that converts alternating
current (AC), which periodically reverses direction, to direct
current (DC), current that flows in only one direction, a
process known as rectification. Rectifiers have many uses
including as components of power supplies and as detectors
of radio signals. Rectifiers may be made of solid state
diodes, vacuum tube diodes, mercury arc valves, and other
components.
A device which performs the opposite function (converting
DC to AC) is known as an inverter.
When only one diode is used to rectify AC (by blocking the
negative or positive portion of the waveform), the difference
between the term diode and the term rectifier is merely one
of usage, i.e., the term rectifier describes a diode that is
being used to convert AC to DC. Almost all rectifiers
comprise a number of diodes in a specific arrangement for
more efficiently converting AC to DC than is possible with
only one diode. Before the development of silicon
semiconductor rectifiers, vacuum tube diodes and copper (1)
oxide or selenium rectifier stacks were used.

A. Half-Wave Rectifier - In half wave rectification, either
the positive or negative half of the AC wave is passed, while
the other half is blocked. Because only one half of the input
waveform reaches the output, it is very inefficient if used for
power transfer. Half-wave rectification can be achieved with
a single diode in a one-phase supply, or with three diodes in
a three-phase supply.

Figure 1: Half Wave Rectifier

The output DC voltage of a half wave rectifier can be
calculated with the following two ideal equations:
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B. Full-Wave Rectifier - A full-wave rectifier converts the
whole of the input waveform to one of constant polarity
(positive or negative) at its output. Full-wave rectification
converts both polarities of the input waveform to DC (direct
current), and is more efficient. However, in a circuit with a
non-center tapped transformer, four diodes are required
instead of the one needed for half-wave rectification. Four
diodes arranged this way are called a diode bridge or bridge
rectifier:

AT

Figure 2: Full Wave Bridge Rectifier

For single-phase AC, if the transformer is center-tapped,
then two diodes back-to-back (i.e. anodes-to-anode or
cathode-to-cathode) can form a full-wave rectifier. Twice as
many windings are required on the transformer secondary to
obtain the same output voltage compared to the bridge
rectifier above.

AR 3T e

Figure 3: Full Wave Center-tapped Rectifier

A very common vacuum tube rectifier configuration
contained one cathode and twin anodes inside a single
envelope; in this way, the two diodes required only one
vacuum tube. The 5U4 and 5Y3 were popular examples of
this configuration.

I1l. RECTIFIER OUTPUT SMOOTHING

While half-wave and full-wave rectification suffice to
deliver a form of DC output, neither produces constant-
voltage DC. In order to produce steady DC from a rectified
AC supply, a smoothing circuit or filter is required.[1] In its
simplest form this can be just a reservoir capacitor or
smoothing capacitor, placed at the DC output of the
rectifier. There will still remain an amount of AC ripple
voltage where the voltage is not completely smoothed.

The circuit shown in figure 4 was designed and simulated
using Multisim 8 software:
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Figure 4: RC-Filter Rectifier

Sizing of the capacitor represents a tradeoff. For a given
load, a larger capacitor will reduce ripple but will cost more
and will create higher peak currents in the transformer
secondary and in the supply feeding it. In extreme cases
where many rectifiers are loaded onto a power distribution
circuit, it may prove difficult for the power distribution
authority to maintain a correctly shaped sinusoidal voltage
curve.

For a given tolerable ripple the required capacitor size is
proportional to the load current and inversely proportional
to the supply frequency and the number of output peaks of
the rectifier per input cycle. The load current and the supply
frequency are generally outside the control of the designer
of the rectifier system but the number of peaks per input
cycle can be affected by the choice of rectifier design.

A half-wave rectifier will only give one peak per cycle and
for this and other reasons is only used in very small power
supplies. A full wave rectifier achieves two peaks per cycle
and this is the best that can be done with single-phase input.
For three-phase inputs a three-phase bridge will give six
peaks per cycle and even higher numbers of peaks can be
achieved by using transformer networks placed before the
rectifier to convert to a higher phase order.

IV. APPLICATIONS

The primary application of rectifiers is to derive DC power
from an AC supply. Virtually all electronic devices require
DC, so rectifiers find uses inside the power supplies of
virtually all electronic equipment.

Converting DC power from one voltage to another is much
more complicated. One method of DC-to-DC conversion
first converts power to AC (using a device called an
inverter), then use a transformer to change the voltage, and
finally rectifies power back to DC.

Rectifiers also find a use in detection of amplitude
modulated radio signals. The signal may be amplified before
detection, but if un-amplified, a very low voltage drop diode
must be used. When using a rectifier for demodulation the
capacitor and load resistance must be carefully matched.
Too low a capacitance will result in the high frequency
carrier passing to the output and too high will result in the
capacitor just charging and staying charged.

Rectifiers are also used to supply polarized voltage for
welding. In such circuits control of the output current is
required and this is sometimes achieved by replacing some
of the diodes in bridge rectifier with thyristors, whose
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voltage output can be regulated by means of phase fired
controllers.

Thyristors are used in various classes of railway rolling
stock systems so that fine control of the traction motors can
be achieved. Gate turn-off thyristors are used to produce
alternating current from a DC supply, for example on the
Euro star Trains to power the three-phase traction motors.

V. DC-DC CONVERTER
A DC-to-DC converter is a device that accepts a DC input
voltage and produces a DC output voltage. Typically the
output produced is at a different voltage level than the input.
In addition, DC-to-DC converters are used to provide noise
isolation, power bus regulation, etc. This is a summary of
some of the popular DC-to-DC converter topologies.

A. Buck Converter Step-Down Converter - In this circuit
the transistor turning ON will put voltage Vin on one end of
the inductor. This voltage will tend to cause the inductor
current to rise. When the transistor is OFF, the current will
continue flowing through the inductor but now flowing
through the diode.

We initially assume that the current through the inductor
does not reach zero, thus the voltage at Vx will now be only
the voltage across the conducting diode during the full OFF
time. The average voltage at Vx will depend on the average
ON time of the transistor provided the inductor current is
continuous.

L
INPUT OUTPUT
——
Vin — Yo

Figure 5: Buck Converter
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Figure 6: Voltage and current changes

To analyse the voltages of this circuit let us consider the
changes in the inductor current over one cycle. From the
relation
.-, =4 dt

S dt ()
The change of current satisfies
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For steady state operation the current at the start and end of
a period T will not change. To get a simple relation between
voltages we assume no voltage drop across transistor or
diode while ON and a perfect switch change. Thus during
the ON time Vx=Vin and in the OFF Vx=0. Thus

0=di = [m(Vin - Volde + [ (-po)as
Which simplifies to

(Vin~Valtyy Vo tyg =0

............... 4)
or

Ya _fom

Vie T (5)
And defining "duty ratio" as

50?‘!
D = —
T (6)

The voltage relationship becomes Vo=D Vin Since the
circuit is lossless and the input and output powers must
match on the average Vo* lo = Vin* lin. Thus the average
input and output current must satisfy lin =D lo These
relations are based on the assumption that the inductor
current does not reach zero.

Transition between continuous and discontinuous: When
the current in the inductor L remains always positive then
either the transistor T1 or the diode D1 must be conducting.
For continuous conduction the voltage Vx is either Vin or 0.
If the inductor current ever goes to zero then the output
voltage will not be forced to either of these conditions. At
this transition point the current just reaches zero as seen in
Figure (buck booster boundary). During the ON time Vin-
Vout is across the inductor thus

I A pedk) =(Fin- Vout) - me’
............ )

The average current which must match the output current
satisfies

I A peak dTl
I faver age af fravsition = l(‘z ) =(Fin- FOM)E = Jowf(fransifion)
............... (8)
a .-T—'. Vx
fton/ T -
-
- tofr .
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Figure 7: Buck Converter at Boundary
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If the input voltage is constant the output current at the
transition point satisfies

1 -chd
Touflfransitiong) = F:'HE E? T

Voltage Ratio of Buck Converter (Discontinuous Mode) -
As for the continuous conduction analysis we use the fact
that the integral of voltage across the inductor is zero over a
cycle of switching T. The transistor OFF time is now
divided into segments of diode conduction ddT and zero
conduction doT. The inductor average voltage thus gives

(Vin-Vo) DT + (-Vo) ldT =0 ............ (10)
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Figure 8: Buck Converter - Discontinuous Conduction
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Considering the change of current during the diode
conduction time

I # peak) = Fu(;’:"aﬁ -

Thus from (6) and (7) we can get
_ Vet o 4

ol

N (14)
Using the relationship in (5)
Towt = _F!.H ;iL"'J'I-r_?T
.................... (15)
And solving for the diode conduction
. 2L Iout
da= —
FindT (16)
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The output voltage is thus given as

Vourf - e
o 42 +(21.-Iouf
FinT 5 (17)

Defining k* = 2L/(Vin T), we can see the effect of
discontinuous current on the voltage ratio of the converter.

1.2

0.8 d=0.8
Fow
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o . . . .
o2 o4 [N 3

k* Output Current

Figure 9: Output Voltage vs Current

As seen in the figure, once the output current is high
enough, the voltage ratio depends only on the duty ratio "d".
At low currents the discontinuous operation tends to
increase the output voltage of the converter towards Vin.

B. Boost Converter Step-Up Converter - The schematic in
Fig. 6 shows the basic boost converter. This circuit is used
when a higher output voltage than input is required.

NPUT L% OUTPUT
Vin e Vo
L I &

Figure 10: Boost Converter Circuit

While the transistor is ON Vx =Vin, and the OFF state the
inductor current flows through the diode giving Vx =Vo.
For this analysis it is assumed that the inductor current
always remains flowing (continuous conduction). The
voltage across the inductor is shown in Fig. 7 and the
average must be zero for the average current to remain in
steady state

Vir £y + (Vi —Voltgg =0

............ (18)
This can be rearranged as
Yo o T _ 1
B £ 1-D
A (19)
And for a lossless circuit the power balance ensures
fa
——=(1-I
fm T (20)
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Figure 11: Voltage and current waveforms (Boost
Converter)

Since the duty ratio "D" is between 0 and 1 the output
voltage must always be higher than the input voltage in
magnitude. The negative sign indicates a reversal of sense of
the output voltage.

C. Buck-Boost Converter -

L
INFUT Vx OUTPUT
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+
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Figure 12: Schematic for buck-boost converter

With continuous conduction for the Buck-Boost converter
Vx =Vin when the transistor is ON and Vx =Vo when the
transistor is OFF. For zero net current change over a period

the average voltage across the inductor is zero

v, - e

INDUTC TR
CTTEREENT

T

&)

TIME
Figure 13: Waveforms for buck-boost converter

IPEPEL‘,GN +VG£G‘FF =1

.............. 21
Which gives the voltage ratio
Ve D
Vim o (1-Dy 22)
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And the corresponding current
o (1-14

fin il (23)

Since the duty ratio "D" is between 0 and 1 the output
voltage can vary between lower or higher than the input
voltage in magnitude. The negative sign indicates a reversal
of sense of the output voltage.

D. Converter Comparison - The voltage ratios achievable
by the DC-DC converters is summarized in Fig. 10. Notice
that only the buck converter shows a linear relationship
between the control (duty ratio) and output voltage. The
buck-boost can reduce or increase the voltage ratio with unit
gain for a duty ratio of 50%.

3 T T

] 0z .4 0.5 0.5
Doty Ratio
Figure 14: Comparison of Voltage ratio

E. Cuk Converter - The buck, boost and buck-boost
converters all transferred energy between input and output
using the inductor, analysis is based of voltage balance
across the inductor. The CUK converter uses capacitive
energy transfer and analysis is based on current balance of
the capacitor. The circuit in Fig. below (CUK converter) is
derived from DUALITY principle on the buck-boost

converter.
Cy L3

Figure 15: CUK Converter

If we assume that the current through the inductors is
essentially ripple free we can examine the charge balance
for the capacitor C1. For the transistor ON the circuit
becomes

Ly Cy L2 L. OUTPUT
+ IL1 L1 + R ia +
el
Vin Vo
C

Figure 16: CUK "ON-STATE"
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And the current in C1 is I.1. When the transistor is OFF, the
diode conducts and the current in C1 becomes I.».

INPUT Ly C1 L2 OUTPUT
o = -
+ IL1 L1 + +
Vel
Vin e V0

L
L

Figure 17: CUK "OFF-STATE"

Since the steady state assumes no net capacitor voltage rise,
the net current is zero

Intow *(~{)tger =0

............... (24)
Which implies
In _(1-D)
s O 25)

The inductor currents match the input and output currents,
thus using the power conservation rule
Ve i

Vin o (1-L) (26)

Thus the voltage ratio is the same as the buck-boost
converter. The advantage of the CUK converter is that the
input and output inductors create a smooth current at both
sides of the converter while the buck, boost and buck-boost
have at least one side with pulsed current.

VI. SYSTEM CONFIGURATION AND MODELING
A. Grid Configuration:

AC Micro-grid AC/DC DC Micro-grid
. Power Flow
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Figure 18: A hybrid ac/dc microgrid system.

Figure 18 shows a conceptual hybrid system configuration
where various ac and dc sources and loads are connected to
the corresponding dc and ac networks. The ac and dc links
are connected together through two transformers and two
four-quadrant operating three phase converters. The ac bus
of the hybrid grid is tied to the utility grid.
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Figure 19: A compact representation of the proposed hybrid
grid.

A compact hybrid grid as shown in Figure 19 is modeled
using the Simulink in the MATLAB to simulate system
operations and controls. Forty kW PV arrays are connected
to dc bus through a dc/dc boost converter to simulate dc

sources. A capacitor ('"P" is to suppress high frequency
ripples of the PV output voltage.

A 50 kW wind turbine generator (WTG) with doubly fed
induction generator (DFIG) is connected to an ac bus to
simulate ac sources. A 65 Ah battery as energy storage is
connected to dc bus through a bidirectional dc/dc converter.
Variable dc load (20 kW-40 kW) and ac load (20 kw-40
kW) are connected to dc and ac buses respectively. The
rated voltages for dc and ac buses are 400 V and 400 V rms
respectively. A three phase bidirectional dc/ac main
converter with R-L-C filter connects the dc bus to the ac bus
through an isolation transformer.

B. Grid Operation: The hybrid grid can operate in two
modes. In grid-tied mode, the main converter is to provide
stable dc bus voltage and required reactive power and to
exchange power between the ac and dc buses. The boost
converter and WTG are controlled to provide the maximum
power. When the output power of the dc sources is greater
than the dc loads, the converter acts as an inverter and
injects power from dc to ac side. When the total power
generation is less than the total load at the dc side, the
converter injects power from the ac to dc side. When the
total power generation is greater than the total load in the
hybrid grid, it will inject power to the utility grid.
Otherwise, the hybrid grid will receive power from the
utility grid. In the grid tied mode, the battery converter is
not very important in system operation because power is
balanced by the utility grid.

In autonomous mode, the battery plays a very important role
for both power balance and voltage stability. Control
objectives for various converters are dispatched by energy
management system. DC bus voltage is maintained stable by
a battery converter or boost converter according to different
operating conditions. The main converter is controlled to
provide a stable and high quality ac bus voltage. Both PV
and WTG can operate on maximum power point tracking
(MPPT) or off-MPPT mode based on system operating
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requirements. Variable wind speed and solar irradiation are
applied to the WTG and PV arrays respectively to simulate
variation of power of ac and dc sources and test the MPPT
control algorithm.

VII. SIMULATION RESULTS
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Figure 20: Test system used for case study
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Figure 21. Power generation of renewable sources in the
test system
() PV output power versus irradiation, (b) DFIG output
power versus time
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Figure 22: Four quadrant and voltage control operation of
ACMC
(a) Real power transferred to the DC side, (b) Reactive
power transfer at DC-link bus, (c) Real power transferred
from the DC side, (d) Voltage profile at the DC-link bus

VIIl. CONCLUSION
This paper explains in detail the modelling of the main
bidirectional converter. It also explains the modelling of
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various sources along with their control. The concept of
ACMC has been introduced and its off-grid mode of
operation was simulated which introduces a great degree of
autonomy in the system and the simulation results prove the
reliable operation of such a system. In this paper a smart
hybrid AC/LVDC micro-grid was proposed and the design
was simulated on a test system. The results achieved,
validate the concept of such a proposed design to achieve
the desirable operation and control. The implementation and
operation of such a smart hybrid micro-grid assumes
importance in the background of development of renewable
energy generating units fast replacing the conventional
sources. Also, far more flexible autonomous operation can
have the following major impacts on the existing power
system: * A greater autonomy in the operation leads to a
development of various localised micro-grid clusters,
thereby increasing the reliability, as local micro-grids may
have minimal or no effect on the main grid depending on the
degree of dependency. ¢ The effective implementation of
such a design may even give rise to a situation which
eliminates the need of upgrading the existing lines for bi-
directional power transfer as each local energy source
maybe utilised locally.
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