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ABSTRACT

The present power system is established on the principle of alternating power but there has been an
increase in DC loads due to on-going revolution in electronics industry. A solution to eliminate
multiple rectification processes is DC micorgrid. AC power converts to DC when entering the DC
micro-grid using a high-efficiency rectifier. The DC microgrid considered in the project includes
Photovoltaic system, Battery storage and AC grid connected bidirectional rectifier. The topology
used for rectifier operation is a three phase two-stage design, with a boost rectifier providing power
factor correction at the input to the first stage and a bidirectional dc-dc converter assembling the
second stage providing power management for DC microgrid. The bidirectional converter is
capable of handling the power flow to load in the condition of mismatch between power generated
from PV system and the power required from the load. To validate the operation characteristics the

system is extensively simulated in MATLAB/Simulink.
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CHAPTER 1: INTRODUCTION

1.1 General

The increasing demand of electricity and the environmental concerns introduced a new
trend of generating small scale power locally. These days, interests in small scale power
generation from the renewable energy resources like photovoltaic and wind power is increasing
because they are abundant in nature and environmental friendly. Microgrid (MG) is defined as
cluster of distribution generation (DG) sources, distributed storage devices and distributed loads
that operate in a controlled manner so as to improve the reliability and quality of the local power
supply and of the power system. The different types of existing microgrid are proposed already,
as AC or DC micro-grid based on whether the distributed sources and loads connected to AC or
DC grid. AC microgrids have advantage of utilizing the existing AC grid network, protection and
standards, but synchronization, stability, need for reactive are some of the major challenges
existing in AC microgrids. Whereas if the energy from distributed generation utilized in DC
form and properly controlled, it would improve the efficiency of the system and also the loss in
the power system would be decreased. In addition DC-microgrid enables easier integration to
other DC distributed energy resources like photovoltaic, fuel cell and energy storage by power
electronic interfaces [1]-[2].
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Figure 1.1: A DC microgrid conceptualization



In the DC micro-grid system, AC power converts to DC when entering the DC grid using
a high-efficiency rectifier, which then distributes the power directly to DC equipment served by
the DC grid. Conventionally, the diode bridge or the thyristor bridge has been the most
commonly used AC-DC power converter for obtaining DC power from the AC grid. The use of
these bridge topologies is mainly motivated due to their advantage in size, control, reliability,
structural simplicity and economics. However, usage of such bridge circuits is quite
disadvantageous from the viewpoint of the AC grid, as they inject unwanted current harmonics
of relatively high amplitudes (depending on the power level of the bridge) into the grid.
Consequently this results in the distortion of the grid voltage, which can cause undesirable
disturbances and hence poor power quality in the neighbouring loads connected to the grid. In
view of limiting this utility pollution due to power converters, standards (IEEE 519,IEC 61000-
3-6)[3] have been introduced which limits the direct use of diode and thyristor bridges, with
more emphasis being laid on the use of power converters which have lesser harmonic influence
on the grid. Also bidirectional power processing is preferred in the DC microgrid application

which requires investigation of improved power quality converters.
1.2 Literature review

This section presents a review of research works that have already been done so far in the

field of design and control of three phase ac-dc converters and DC microgrid.
1.2.1 Review based on design and control of three phase ac-dc converters.

A forced commutated ac-dc converter and its control strategy was proposed by Eugenio
Wernekinck et al. (1987) for unity power factor in three phase system. By the use of improved
firing angle current harmonic distortion was diminished for the converter. Only the DC voltage
was sensed in the topology and power factor was controlled by relative position of fundamental

component of PWM type voltage[4].

Juan W. Dixon (1990) analysed three different control strategies for boost type PWM
rectifiers for stability boundaries and complexity of each topology. Accordingly, concluded the
direct current control method with hysteresis band as most reliable strategy, because of constant

power factor operation and good stability[5].



Rusong Wu (1991) presented a comprehensive analysis of PWM ac-dc voltage source
converter and established a general mathematical model of the converter. By use of fourier
analysis and reference frame transformation three models steady state dc model, low frequency
and high frequency ac models were developed[6].

Marian P., Kazmierkowski & Luigi Malesani (1998) described current control techniques
for three phase voltage source pulse width modulated converters in two groups- linear and non
linear. Proportional integral and state feedback controllers and predictive with techniques
constant switching frequency were included in first group and hysteresis, delta modulation

controllers were in second group[7].

A three phase PWM buck-boost rectifier was investigated by Jun Kikuchi (2002) taking
Cuk-Cuk realization. The operating principle, modulation scheme, steady state and dynamic
analyses were discussed. Results demonstrated step-up, step-down, bidirectional power
processing and unity power factor operation capabilities of presented three phase PWM buck-

boost converter[8].
1.2.2 Review based on configuration and control of DC microgrid

An approach was made by Robert H. Lasseter & Paolo Paigi (2004) considering the
emerging potential of distributed generation. The proposed microgrid system has ability of island
generation and high reliability than the power system as whole[9].

Baochao Wang (2012) proposed a DC microgrid with multilayer control and smart grid
communications. The control strategy was concerned on power balancing and imposed power
limits by utility grid. Energy management scheme for multi-source power subsystem was

described in a multilayer manner[10].
1.3 Organization of the thesis

The thesis consists of six chapters and each chapter discusses a particular aspect of three
phase power factor correction circuit for DC microgrid application.

Chapter 1 deals with the introduction, literature review and chapter wise organization of
the thesis.



Chapter 2 discusses basic functionality and control strategies for three phase six switch
boost converter topology. The calculations for boost inductor design and dc link capacitor design

are also discussed.

Chapter 3 proposes a DC microgrid configuration consisting Photovoltaic generation
system, energy storage elements, DC loads and utility grid connected bidirectional ac-dc
converter. The components of DC microgrid structure are briefly explained and power flow

between the components is also covered.

Chapter 4 presents the MATLAB simulation results for three phase six switch boost
converter and it’s application with bidirectional DC-DC converter in DC microgrid. The

bidirectional ac-dc PFC converter was investigated for different cases of DC microgrid.

Chapter 5 discusses the development hardware prototype for three phase six switch

boost converter and auxiliary hardware circuits.

Chapter 6 concludes the dissertation thesis and suggests some recommendation for

future work.



CHAPTER 2: THREE PHASE SIX-SWITCH BOOST RECTIFIER

Three phase boost power factor correction rectifier has been a preferred solution over
wide range of applications due to inherent power quality improvement at input and output with
high power density and efficiency. The described topology is capable of bidirectional power
processing. Hence, it can operate as a rectifier as well as an inverter. During the rectifier
operation the DC link capacitor maintains the output DC voltage Vo and is discharged to feed the
DC load. The DC current I, is positive during the operation and the control structure maintains
the power factor near 1. During the inversion the DC current I, is negative and switching of
IGBTSs are modified by the control structure in such an order that power factor is close to -1.
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Figure 2.1: Three-phase six-switch two level boost converter topology[11];

There are two control loops which constitute the control structure of three phase boost
rectifier i. e. one outer voltage control loop and one inner current control loop. The voltage
controller senses the output DC voltage Vo and compare it to the reference voltage Vi The
error signal is processed by PI1 controller and the resultant signal is used in acquiring reference
currents for the inner current controller. The phase information of the utility voltage and current

is required for the control of boost rectifier.



2.1 Basic Functioning of boost rectifier

Fig. 2.2 shown below explains the rectification mode of the topology. In Fig. 2.2(a) the
lower switch S, of first leg (phase ‘a’) is turned on. The current in phase ‘a’ is positive and the
input source is supplying energy to the inductor. Then upper switch S; of the first leg is turned on
as shown in Fig 2.2(b). During this period, the output DC side gets energy from the input source

as well as the inductor. In result, stepping up the output DC voltage Vo.
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Figure 2.2: The directions of the current through switching state [12].



The simplified per-phase equivalent circuit of the rectifier has been represented in Fig.
2.3 Here, Vi, signifies the single phase grid voltage and V,; represents the per-phase rectifier input

voltage.

@ " @

Figure 2.3: Single phase equivalent circuit of the rectifier

The analysis of simplified per-phase equivalent circuit is constrained to quantities at

fundamental frequency alone, the per-phase rectifier input voltage can be written as,
Vii = Vi - jowoll; (1)
Where,
Vi = Vcos(wt) (@)

The current through the inductor is done by the voltage difference across it and for the

case of UPF operation, the current can be written as,
li = Imcos(wt) 3)

The control of this current is done by controlling the voltage difference across the
inductor which is given by the difference of the grid voltage V; and the rectifier input voltage V.
The voltage Vi is controlled at the required phase and magnitude by appropriate switching of the
bi-directional switches S; using hysteresis controller. The current ripple at these high switching
frequencies is attenuated to a great extent by the line and filter inductances.

[
>

V .

T

Figure 2.4: Phasor diagram for UPF operation
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From the phasor diagram in Fig.2.4, it can be seen that the magnitude of the rectifier
input voltage V, is greater than the input grid voltage, illustrating the "boost' nature of the
rectifier. Thus the DC output voltage that can be obtained from the rectifier can only be greater
than the peak value of the input line-line voltage.

The DC power delivered to load under UPF operation is given by power balance as

(neglecting the system losses),

Pdac = Vacldae = (3/2)Vm|m (4)

2.2 Hysteresis band Current Control Scheme

As discussed earlier, the control structure of a three-phase six-switch boost converter
consists of an inner current control loop and an outer voltage control loop. The dc link capacitor
voltage V. is sensed and compared with the desired value Vyc*. This error is processed by a
proportional—integral (PI) controller to generate a signal lpea™. This lpea™ is magnitude of
reference current for input AC side. To generate reference current for a phase, the magnitude of
reference current of a phase is multiplied with unit sine vector template, which can be obtained
by dividing the phase voltage of that phase with it’s peak value. The current controller senses the
input current and compares it with a sinusoidal current reference. The error signal is then sent to
the hysteresis relay and accordingly switching takes place. Fig.2.5 shown below describes the

control strategy for switches S; and S, which are connected to phase ‘a’.
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Figure 2.5: Hysteresis Band Control scheme for boost rectifier topology
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Figure 2.6 - Hysteresis band current control

The advantages with hysteresis band current control scheme are it’s excellent dynamic
response, low cost and easy implementation. But variations in switching frequency are observed
in this scheme which raises concerns over it’s practicality while working with the IGBT and
MOSFET switches.

For limiting the switching frequency the hysteresis band relay can be replaced by
triangular carrier Pulse width modulation as in the Fig. 2.5 below. This scheme also assists in

designing the boost inductor more accurately.
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Figure 2.7: PWM Control scheme for boost rectifier topology

2.3 Boost Inductor Design

The value of Boost inductor L is decided by limiting the voltage drop across it and also
from the switching frequency current ripple. Since we don’t have a fixed switching frequency in
Hysteresis control, the first option is considered here. VVoltage drop across the inductor is limited
to 5% of the per phase input voltage (110V).Assuming a purely sinusoidal input current it can be

seen that the voltage drop across the inductor is given by,
oLl =5.5V (5)
L =22mH

Which means that an inductance of value less than 22 mH has to be chosen to limit the

voltage drop across the inductor to 5% of the input voltage.
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2.4 DC Link Capacitor Design

The DC link capacitor absorbs current-ripple and provides a stable voltage at the output
end. During conduction mode of operation capacitors charges by a current at this moment I, = Ic.
Considering a permissible voltage-ripple (AV¢) to around 3% - 5% at peak-power during the

time period Ty, the capacitor value can be estimated using expression (5).

C=I_* (To/ AVC) , Where, AVc is 5% of Ve (5)

11



CHAPTER 3: DC MICROGRID CONFIGURATION

A DC microgrid can be perceived as a distribution network incorporating a wide range of
distributed generation systems, largely non-conventional renewable energy sources and DC
storage systems with local loads. DC microgrid is an effective method to reduce the losses in the
system with high reliability. It can eliminate multiple power conversion stage and therefore it has
advantages in the stand of efficiency, cost and system size. The absence of reactive power and
possibility of an efficient integration of small distributed generation units inspires the idea of DC
microgrid. Also the fact that, internally, most of the loads operate using a DC voltage. DC

microgrid is suitable for domestic needs which are mainly of DC loads.

As shown in Fig. 3.1, the proposed DC microgrid for the project comprises photovoltaic
generation system as non-conventional renewable energy source, battery energy storage element,

DC loads and grid tied converter.

DC Bus

e
-
-
: - - »{DC LOAD

AC Utility Grid

A

A 4

Bidirectional Bidirectional
Boost Rectifier Buck-Boost Converter

[[]]] -

L
Ll

A 4

PV Module MPPT + Boost Converter

» P + | Battery
- = | 7| Storage

Bidirectional
Buck-Boost Converter

Figure 3.1: DC microgrid configuration
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3.1 Photovoltaic Module

Photovoltaic panels are composed of PV cells which are made of semiconducting
materials that exhibit the photovoltaic effect. In PV cells, sunlight is absorbed and results in
excitation of electron or charge carrier to higher energy state from valence band to conduction
band and thus allowing the flow of current and production of electrical potential. At present
single crystalline silicon and amorphous or thin film silicon are the most popularly used
materials in photovoltaic panels. Due to technological advances in manufacturing and scaling in
production, the cost of producing PV cells has been dropped. The series and parallel
configurations of PV panels are used to fulfil energy requirement. When several PV cells are
connected in series and parallel connections then it is called PV array. Series connected cells are
used to increase the voltage rating of PV panel whereas the parallel connected cells are

accountable to increase the current rating of the PV panel.
3.1.1 Modelling of PV module

Modelling of PV module is based on a single diode equivalent model considering the
irradiation and temperature as per the nominal condition. Fig. 3.2 shows the equivalent circuit of

a PV panel with connected R load.

/
—
.R

phi
|
+ 1
> I/'?'l-' .
J’p}f(T) ])‘Z E:Rp ] %f{hxu
|
- |
_l

Figure 3.2: Equivalent circuit of a PV panel

Equations (6)-(8) show the mathematical model of the PV panel and its output current.

13
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The PV system naturally exhibits a nonlinear I-V and P-V characteristics which vary with
the radiant intensity and cell temperature [13]. These characteristics of PV system are illustrated
in the Fig. 3.3 shown below. The open circuit voltage Voc will be produced when there is no
load connected to PV panel and undoubtedly with zero current. The short-circuit current Isc can
be measured when the output terminal of PV panel are shorted together resulting in zero output
voltage. In both scenarios, no power is delivered by the PV panel. In the I-V curve the maximum
power point can be spotted near the knee point. The voltage and current at the maximum power
point are designated as Vp, and I,

P].'Ll
Power
< Iec Current =
E In / §
E Maximum power 2
O point (MPP) ~
0 0
0 Vi Voe

Voltage (V)

Figure 3.3: I-V and P-V Characteristics of Solar Panel

3.1.2 MPPT Control by Perturb and Observe method on Boost Converter

As discussed earlier, the output power of PV system vary with the radiant intensity and
cell temperature. To obtain the maximum power point at a given point of time MPPT(Maximum

power point tracking) algorithms are implemented with a DC-DC converter with PV module as

14



the input source. One of the most widely used MPPT algorithm is Perturb and Observe
technique. In this technique, the PV voltage and current are measured and the output power is
calculated. A small perturbation of voltage AV or duty cycle AD is incorporated in the system
through DC-DC converter in one direction (positive or negative AV). If new output power
calculated is greater than previous power then perturbation is in correct direction otherwise it
should be reversed. Fig. 3.4 describes the flow chart of P&O MPPT algorithm.

START

Sample V(n),l{n)
AP=P(n)-Pin=1)
AV=Vin)-Vin-1)

Yes
Yes No
Yes No
AV<0
D=D-AD D=D+AD D=D-AD D=D+AD

t r #
1

Ieturn

Figure 3.4 — Flow chart for P&O method of MPP
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MATLAB code for P&0O MPPT algorithm

function D = PandO(V, I)

o

MPPT controller based on the Perturb & Observe algorithm.

% D output = Duty cycle of the boost converter (value between 0 and 1)
% V input = PV array terminal voltage (V)
% I input = PV array current (A)

oe

oe

Param input:

Dinit = 0.4; %Initial value for D output

Dmax = 0.9; $Maximum value for D

Dmin = 0.1; $Minimum value for D

deltaD = 0.0001; %Increment value used to increase/decrease the duty cycle D

% ( increasing D = decreasing Vref )
persistent Vold Pold Dold n ;
dataType = 'double';

if isempty (Vold)

Vold=0;
Pold=0;
Dold=Dinit;
end
P= V*I;

dv= VvV - Vold;
dP= P - Pold;

if (dP>2) || (dP<-2 )
if dP < 0
if dv > 0
D = Dold - deltaD;
else
D = Dold + deltaD;
end
else
if dv < 0
D = Dold + deltaD;
else
D = Dold - deltaD;
end
end
else D=Dold;
end
if D >= Dmax || D<= Dmin
D=Dold;
end
Dold=D;
Vold=V;
Pold=P;
end
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Figure 3.5: Circuit Schematic of Step-up DC/DC Converter

The topology presented in this application of P&0O maximum power point tracking is a
boost converter[13]. The schematic diagram of boost converter is shown in Fig. 3.5. The boost
converter is a special case, in consideration of it’s non-linear dynamic behaviour transfer

function during Continuous Conduction Mode (CCM) operation.

In the MPPT mode operation PV system generates maximum output power which can be
supplied to load and excess power can be used for energy storage or can be fed to utility grid
through bidirectional converter. In constrained mode operation the PV system generates less than

maximum power.

3.2 Battery Energy Storage System

In the structure of DC microgrid presented in the project the energy storage elements can
switch between charge, discharge and off mode in order to maintain DC microgrid power
balanced. In order to protect and ensure the life time of the storage elements, the operation of
storage elements must range between set maximum and minimum value of SOC (SOCpin &
SOCnax)- A flow diagram was developed and implemented in Stateflow of MATLAB Simlink
for control of charging and discharging of the battery. The battery is chosen such that the

nominal voltage of the battery is less than the DC microgrid bus voltage.
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Figure 3.6: Flow chart for charging and discharging of battery.

The stateflow control gives two output signals named E_charge, which enables the
charging of the battery, and and E_discharge, which enables the discharge of the battery. Both
the signals are used in the bidirectional buck boost converter which manages the charging and
discharging of the battery. The circuit of bidirectional converter is shown in Fig 3.7 .
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Figure 3.7: Circuit Schematic of Bi-directional DC-DC Converter

During the charging time the converter works as a buck converter and the power flow is

controlled by the current controller which manages a constant current charging. In buck

operation the buck switch Q; and diode D, manages the power flow.

icharge

Pl —>

>z f—u

AND

E_charge

N\N

Sawtooth
wave generator

Figure 3.8: Control Scheme for switching of Converter during charging of the battery

During the discharging time the converter operates as boost converter and power flow is

controlled by voltage control loop which manages the DC bus voltage to it’s reference value.
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Figure 3.9: Control Scheme for switching of Converter during discharging of the battery

3.3 AC-DC bhidirectional PFC circuit

A three phase six switch boost rectifier is associated with a bidirectional buck-boost DC-
DC in cascade connection in the presented DC microgrid configuration. The basic functioning of
AC-DC converter has been already described in the chapter 2. During the rectifier operation the
bidirectional DC-DC converter operates as buck converter and in inversion mode the DC-DC
converter operates as boost converter. The voltage is stepped-up first by boost rectifier above the
DC bus voltage and then stepped down to the DC bus voltage. The first stage i. e. boost rectifier
supervises the power quality of utility grid and the second stage manages the power flow
between utility grid and DC microgrid.

The control scheme for bidirectional DC-DC buck boost converter is shown below in Fig.
3.10 . This scheme controls the output current to DC microgrid. The power demand of load is
compared with the generated solar power and the required power or excess power is calculated.
This mismatch between the generated power and load power is handled by bidirectional

converter[14].

To bi-directional
buck-boost converter

PI;GE,@AE - 7 ()rer PI —r@—r >0
b ip AN

Triangular carrier waveform

o ——-

Psolar

Figure 3.10: Control Scheme for Boost rectifier connected bidirectional DC-DC Converter
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3.4 Power flow management

The generating sources consisting of photovoltaic array, energy storage and ac grid are
depicted in Fig. 3.1. The power supply from photovoltaic source to the DC-microgrid is
unidirectional. The battery energy storage smoothens the power balances of the DC-microgrid by
charging and discharging. Hence the power flow between the battery and the microgrid is
bidirectional but it can’t exchange power with AC grid. The power from battery is supplied to
load in case of deficient power generation from PV module or provided from PV module in case
of excess power generation from PV module. The excess power from PV module can be sent to

AC utility grid or in case of power deficiency power can be extracted from the AC utility grid.

DC Bus
P -
o < < r o
— - = »|DC LOAD
AC Utility Grid & 4irectional Bidirectional
Boost Rectifier Buck-Boost Converter

PV Module MPPT + Boost Converter le A= L | Battery
- = 7| Storage

Bidirectional

Buck-Boost Converter

Figure 3.11: Power Flow in DC microgrid configuration
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CHAPTER 4: PERFORMANCE INVESTIGATION
USING MATLAB SIMULATION

A three phase bidirectional boost rectifier with bidirectional buck-boost converter is
studied for DC microgrid application. First the six switch boost rectifier with PWM current
control was implemented for a DC load. Then the six switch bidirectional boost rectifier was
implemented with bidirectional buck-boost converter and Photovoltaic generation. The operation
of PFC circuit was studied for both rectifier and inverter mode by changing the load conditions
and power generated from PV module. Also the flow diagram of charging and discharging of

battery energy storage system in islanded mode was implemented with Stateflow in
MATLAB/Simulink environment.

4.1 Simulation of three phase six switch boost rectifier for DC load

labc labc Sa_Sb_Sc Gate
o a
Goto i 1
Eat LR Gotod
! a1 r ot rrent Measurement2 KD
._@. al2
Eb1 2 2 2 2
45.
v Vdc
_@:. al3 2| outputvoltage -
E3 3 7 3 Voltage Measurement4 Goto2
Ect
current measurements boost inductors Six switch invertetr =
T '|+ v 2
ltage M t5 ‘
oltage Measurement
9
[la) Input Volag Eurmes
Goto? Control Block m
From3
Gain1
Goto5 labe labc labc
REy 5 e
. P Gate Signals
ltage M D Vdc Vdc THD
Scope8
Scoj
Fromd pes [ THD |4 m
e SR D
f (S
Voltage Measurement7
THD
Froms Scoped

Figure 4.1: Complete Simulink model of three phase six switch boost rectifier
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Figure 4.2: PWM Control block of three phase six switch boost rectifier

Table 4.1: Simulation parameter chosen for three phase six switch boost rectifier

Description Rating
Line-Line Input Voltage V) 415V
DC output VoltageVout 1000 V
Boost Inductor L 4 mH
Damping resistor R 0.01 ohm
DC link Capacitor C 2000uF
PWM triangular wave frequency fs 5kHz
DC load 25 kW
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Figure 4.3: Simulation results of three phase six switch boost rectifier for dc load.
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— FFT analysis

Fundamental (50Hz) = 48.27 , THD= 3.05%
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Figure 4.4: FFT analysis of ac side current i, for simulation of three phase six switch boost
rectifier for dc load.

In this simulation the AC-DC six switch boost active rectifier was used to feed a DC load
of 25kW. The boost voltage was controlled to 1000V. Unity power factor operation was manages

by the PWM current controller. The THD of phase ‘a’ current i, was restricted to 3.05%.
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4.2 Simulation Results for load change with constant power generation from

PV module in DC microgrid

MPPT Control
4@
id Scope2 Sagwan Fin Pi
ﬁ 4 D Duty Gate }— Signal Pout [
PandO Scope
Gob3. 5l; Gate Puise ) power
o> i
m b
YT > : '
J Series RLC Branch l Siaraid M;asura':e:Z@! E
’7 l ‘m 2 \|, . Scopet
Ir —» f c1 L———al+
¥ IGBT/Diode | —|| —’.
@ Temp i eae T £ % T
Irradiance PV Array 1 ] M X
Temp 2
: . «>
Figure 4.5: Simulink model of PV module with MPPT
L J i - e
L Current Measurement L 3
. (. =
’]‘ Scope
4
PID Controller
>

Goto1

Figure 4.6: Simulink model of Bidirectional DC-DC converter
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Table 4.2: Simulation parameters chosen for DC microgrid application

Description Rating
DC bus voltage Ve bus 50V
Line-Line Input Voltage V) 110V
Boost Rectifier Output VoltageVpoost 400V
Boost Rectifier Inductor L, 10 mH
Damping resistor R in Boost rectifier 0.01 ohm
DC link Capacitor C in Boost rectifier 1000uF
Switching frequency of Bidirectional converter fs 10kHz
DC load connected at DC microgrid bus 800 W, 1600 W

PV module SunPower SPR-305 WHT
Number of series-connected modules per string 1
Number of parallel strings 5
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This simulation is focused on the operational characteristics of DC microgrid in the
condition of load change which involves power flow from three phase utility grid. Initially, a DC
load of 800 W is connected to the DC microgrid of 50 V bus voltage. During this period of time
the load requirement is lower than the power generated from PV module. The PV module is
operating in MPPT mode. The excess power is fed to the three phase utility grid through
inversion operation of PFC circuit . After t = 2sec, load is increased to 1600 W. In this scenario
the load demand is more, so the remaining power is supplied by utility grid through rectification

operation of PFC circuit.

Fromt=0sec.tot=2 sec.
Power requirement of load, Py saq = 800W;
Power generated by PV System, Psqjsr = 936 W at Irradiance 800 W/m2
Power sent back to Grid, Pgrig = 136 W;

After t = 2 sec.
Power requirement of load, Py oag = 1600W;
Power generated by PV System, Psqjr = 936 W at Irradiance 800 W/m2

Power supplied by Grid, Pgig = 664 W;
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Figure 4.7: Simulation results of power flow of DC microgrid operation for load change with

constant power generation from PV module.

29



ooooooooooooooooooooooooo

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

llllllllllllllllllllllllll

eeeeeeee



output voltage Vboost{volt)
40 T T l T ! ) T T T

a008 )
4006 |-
4004} :
A002 ki g
400
3996}
94|
392}
399}

80
B0
o
20|

-20 1
aoff
s
80}

S

t|me(sec.)

Figure 4.9: Simulation results of output boost voltage and ac side waveforms in rectification

mode operation of PFC circuit
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— FFT analysis

Fundamental (50Hz) = 0.9651 , THD=7.72%
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Figure 4.10: FFT analysis of ac side current i, during inversion mode operation of PFC circuit.

— FFT analysis

Fundamental (50Hz) = 4.969 , THD= 1.51%
10 T T T T T

Mag (% of Fundamental)
(3]

0 L L Il 1 L
0 10 20 30 40 50

Harmonic order

Figure 4.11: FFT analysis of ac side current i, during rectification mode operation of PFC circuit.
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4.3 Simulation Results for constant load and variable power generation from

PV module in DC microgrid

This simulation is focused on the operational characteristics of DC microgrid in the
condition of variation in generated power from PV module, which involves power flow from
three phase utility grid. A DC load of 250 W is connected to the DC microgrid of 50 V bus
voltage. During this period of time the load requirement is lower than the power generated from
PV module. The PV module is operating in MPPT mode. The excess power is fed to the three
phase utility grid through inversion operation of PFC circuit. After t = 2sec, the intensity of light
changes and results in decrement of power generation of PV module. The PFC circuit reacts
accordingly to match the power requirement. The simulation parameters are same as described in
Table 2, except the required load which is 250W throughout in this case and irradiance to PV

panel is 750 W/m? for t = 0 sec. to t = 2 sec and constantly decreasing after that.
Fromt=0sec.tot=2 sec.
Power requirement of load, Py oaq = 250W;
Power generated by PV System Psqor = 830 W at Irradiance 750 W/m2
Power sent back to Grid Pgig = 580 W;
After t = 2 sec.
Power requirement of load, Py saq = 250W;
Power generated by PV System Psqor = decreasing due to decrement in irradiance

Power fed by Grid Pgig = continuously increasing to match the load requirement
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Figure 4.12: Simulation results for power flow in DC microgrid operation considering the

variation in power generation from PV module.
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Figure 4.13: Simulation results of output boost voltage and ac side waveforms in inversion mode
operation of PFC circuit
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Figure 4.14: Simulation results of output boost voltage and ac side waveforms during transition

from inversion to rectification mode operation of PFC circuit.
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— FFT analysis

Fundamental (50Hz) = 4.265 , THD= 2.59%
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Figure 4.15: FFT analysis of ac side i, during inversion mode operation of PFC circuit.

The MATLAB Simulink model of the system was tested successfully for the conditions
of load variation and variation in irradiance. MPPT control with boost converter on PV system
was able to extract maximum power for a given condition. The Six-switch two-level three phase
boost rectifier managed unity power factor in the AC side. The difference between power
generated by PV system and power requirement of load was compensated by control of bi-

directional dc-dc converter with maintaining DC bus voltage constant.
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CHAPTER 5: HARDWARE DEVELOPMENT

5.1 Development of MOSFET switch driver circuit

A single MOSFET switch driver circuit contains all the 3 circuits(power supply
+12V,snubber circuit, amplification & isolation circuit). The pulse amplification circuit for
MOSFT is shown Figure 6.4. The opto-coupler MCT-2E provides necessary isolation between
the low voltage isolation circuit and high voltage power circuit. The pulse amplification is
provided by the output amplifier transistor 2N222. When the input gating signal is +5V level, the
input transistor saturates, the LED of opto-coupler conducts and the light emitted by it falls on
the base of the phototransistor, thus forming the base drive. The output transistor thus receives
no base drive and remains in the cut-off state and a +12V pulse (amplified) appears at its
collector terminal. The +12V needed by firing circuit is locally generated ate each switch using a
220/18V transformer and 7812 regulated IC along with a rectification circuit and capacitors.
When the input gating signal reaches ground level, the input switching transistor goes to cut off
state and opto-coupler LED remains off, thus emits no light and therefore the photo transistor
remains off. The output transistor receives base drive and saturates, hence the output falls to zero
level. Therefore, the circuit provides proper amplification and isolation. Further, since slightest
spike above 20V can damage the MOSFET, a 12V Zener diode is connected across the output

isolation circuit. This clamps the triggering voltage to 12V.

+12v +12V

1.5K MCT2E

VRN VY V—

gate

2N2222

10K

Firing

2N2222
pulse

VWA source

- 470K

Figure 5.1: Pulse amplification circuit for MOSFET
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Switching high current in a very short interval of time gives rise to voltage transients that
could exceeds the rating of the MOSFET. The rated Gate-to-Source voltage of MOSFET is 20V.
Snubbers are therefore needed to protect the switch from transients. Snubber circuit for
MOSFET is shown in Figure 6.5. The diode prevents the discharging of the capacitor via the
switching device, which could damage the device because of large discharge current. An
additional protective Metal Oxide Varistor (MOV) is used across each device to protect against

over voltage across the device.

w o \

Dn
e E X
-4
G
|_ MOV
S1

Figure 5.2: Snubber Circuit for MOSFET

5.2 Development of Measuring Circuit

5.2.1 Current Sensing Circuit

For measuring either the Source currents, load currents and compensator currents the Hall
Effect current sensors (HTP 25) are used. The circuit diagram of the Hall Effect current sensor
along with a buffer and a scalar circuit is shown in Fig 5.3. Here a current of I (A) in power
network is converted into + 5V range. These current sensors provide galvanic isolation between
high voltage power circuit and the low voltage control circuit and require a nominal supply

voltage of the 12V to #15V. For a chosen primary turns (Np), the conversion ratio (cr,.) of

current sensor, which is 1000:1, and the output resistance of the current sensor is taken as 100 Q.

The voltage input to the buffer circuit is calculated by the equation.

N,
Vo = R, - (10)
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Thus the voltage v, is scaled properly with the scalar circuit. The output voltage can be

given to the controller kit with the help of ADC.

Each Current sensor (TELCON) circuit

+12V -12v
| | 10K
. 5 +12V 5
7 +
@ Voi \l\ g JlesAv 2N 6
Ne £ o/ A7 . e Output
| B-l;%/ 3 ‘12‘\‘/ voltage
uffer )8 |
Ro. _— :: 10K SCa I a r

Figure 5.3: Current sensor circuit

5.2.2 Voltage Sensing Circuit

AC source voltages vg,, Vs and ve(phase to neutral) are given as the inputs for PLL. The
DC capacitor voltages are also required to be sensed. Only sensing two phase voltages are
sufficient for three phase three wire system. The circuit diagram of the sensing voltage along
with the buffer and scalar circuit is shown in the figure 5.4. The AD202JN is an isolation
amplifier in the present experimental setup the power circuit voltage which is in the range of

+500 V is converted into 5V range. The voltage at the output of the isolation amplifier is

v, =V, i . Thus the output voltage v, is properly scaled by a scalar circuit and the output
oy 1 Rl +R2 ov

voltage can be given to the ADC of controller kit.
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Figure 5.4: Voltage sensing circuit

5.2 Development of Regulated Power Supplies

——e Output

_L—ovoltage

DC regulated supplies (+12V GND -12V, +5V) are required for providing biasing to

various circuits like pulse amplification and isolation circuits, hysteresis controller and voltage

detectors etc. using IC’s 7812 for +12V, IC 7912 for -12V and 7805 for +5 V The circuit

diagram of the power supplies is as shown in following figures. A single +5V power supply is

required for all the switches

7805

+5V

%

yYyYyv

220v/10v
50Hz

T

t

—— sov

1000UF

0.1UF
— 25V

GND

(a)
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A single +12 0 -12V power supply is required for current sensor and voltage sensor circuit

7812

1000ue_L_
50V TN
% 1000UF —d—
sov N=
220v/20-0-20v
50Hz
(b)

7912

25v

L

=

__l__ 0.1UF=t

~

~ O-1UF
25v

Figure 5.5: Connection diagram for power supplies (a).+5V (b).-12V,0,+12V
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CHAPTER 6: CONCLUSIONS

The project was aimed at development of three phase universal PFC circuit for DC
microgrid application. A three phase six switch boost rectifier and a bidirectional buck boost
converter were used in two stage conversion technique with the capability of bidirectional power
processing as well as unity power factor operation with nearly sinusoidal ac current. Hysteresis
band current control and triangular carrier wave PWM control were used in bidirectional boost
rectifier. Maximum power point tracking through P&O method on boost converter was
implemented for photovoltaic system. This MPPT algorithm was used in DC microgrid operation
to extract maximum power from PV module. The two stage PFC circuit was successfully

investigated for power management in different DC microgrid operation circumstances.
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