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ABSTRACT

DC-DC converters are frequently used in electric vehicles, energy storage systems, and DC mi-
crogrids to convert a DC voltage from one level to another. Bidirectional DC-DC converters
are converters that allow power to flow in both forward and backward directions. Bidirectional
converter with high gain voltage is essential for energy conversion applications such as vehicles,
medical devices, smart lighting’s etc. This work proposes a high gain multi-input bidirectional
DC-DC converter for the interface between an energy storage system and a DC micro-grid,
which is important for DC-DC topologies. An Interleaved Bidirectional Converter (IBC) is
located in the Low Volatge Side (LVS) to reduce the ripple in input current as well as output
voltage. A voltage doubler is located in the High Voltage Side (HVS) to achieve high gain
voltage conversion ratio. A simple and cost effective PWM plus Phase Shift (PPS) control is
used in this work. As a modification to the existing bidirectional DC-DC converter for charging
stations, PV panel is introduced as one of the input sources to create a cost-effective charg-
ing system, makes the proposed converter as a multi-input DC-DC converter. Zero-oscillation
Maximum Power Point Tracking (MPPT) algorithm is used to extract maximum power from
solar PV panels. Based on the available irradiation level, the control topology selects either a
PV panel or a DC source as the input. To verify the effectiveness of the proposed converter
and control topology, 800 W, 240V MI-IBC with switching frequency 30 KHz is designed and

simulated in this work.
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Chapter 1

INTRODUCTION

1.1 GENERAL BACKGROUND

Over the last few decades, more people have been using electric vehicles (EV). An EV is one
that uses an electric motor instead of an internal combustion engine. Even though the conven-
tional vehicles make transportation easier but they are affecting our health and the environment
adversely. Conventional vehicles use fuel and emits greenhouse gasses like carbon dioxide,
methane, nitrous oxide, and various synthetic chemicals and these emissions reduces the qual-
ity of air which led to the development of EV. EV have fewer moving parts than conventional
vehicles, this creates less friction and makes no noise. Figure 1.1 shows the diagram of EV

charging station.

Figure 1.1: EV charging station

Charging an EV involves the supply of DC power to the battery, here DC converters are used
as an interface between energy storage device and DC microgrid bus. DC-DC converters are
frequently used in electric vehicles, energy storage systems, and DC microgrids to convert a
DC voltage from one level to another. When compared to the cost of refuelling a conventional

Internal Combustion (IC) engine vehicle for the same distance travelled, the cost of charging

1



an Electric Vehicle (EV) with electricity is significantly less expensive. However, charging an
EV from an AC grid uses more power in a shorter time. This results in voltage instability and
phase unbalance on the distribution network, which has a negative impact on the operation of
the distribution network and connected load. In order to solve these problems, charging stations
powered by solar energy have been developed. Solar energy is renewable source of energy
and does not emit greenhouse gasses or other harmful gasses contributing to air pollution. A
solar electric vehicle is an electric vehicle powered by direct solar energy. The time taken to
charge an EV depends on the amount of sunlight incident on the solar panels placed on the roof
surfaces of electric vehicles. Solar panel capture the incident solar radiations and it is converted
to electrical energy. DC-DC converters are used to boost the voltage from the solar panel and a
storage battery is used to store the electricity generated from the solar panel. Solar panels are
depends on the irradiation level, ambient temperature etc, so the use of solar energy is unreliable
due to different climatic conditions. So a concept of multi-input source such as fixed DC and
PV source is introduced in this work. A DC source and a PV source are integrated to develop a

system, which is cost effective and reliable.

1.2 OBJECTIVES

* To design a high voltage gain bidirectional DC-DC converter with voltage doubler for

energy storage application.

* To design a reliable and efficient energy source using multi-input DC-DC converter with

solar PV panel and a fixed DC source as input voltage sources.

* To design a Pulsewidth Modulation plus Phase Shift control (PPS) for output voltage

regulation.

* To compare and analyse different MPPT algorithms to get maximum power from solar

PV panels.

1.3 SCOPE

A high-gain bidirectional DC-DC converter with a PPS control strategy is developed to regulate

the desired value of the output voltage for the charging of EV. For cost-effective technology,



a PV source with zero oscillation MPPT algorithm is introduced as an input to the converter,
which harvests the maximum amount of power from available solar energy. Due to the unrelia-
bility of solar radiation as a result of rapidly changing environmental conditions, the PV source
has been integrated with a constant DC source that provides a constant output voltage for EV

charging applications.

1.4 ORGANIZATION OF PROJECT WORK

The organisation of the report is as follows: Chapter 2 discusses various previous works related
to different types of DC-DC converters used in EV charging stations. Different types of DC-DC
converters, such as boost converters, interleaved bidirectional converters, and interleaved boost
converters, are explained in Chapter 3. This chapter also includes a brief explanation of the
voltage doubler required for the system and the block diagram of the system, DC-DC converter
and PPS control topology. Chapter 4 gives a description of different MPPT methods such as
P&O, multistep P&O, and the zero oscillation algorithm. The simulation model and results are
depicted in Chapter 5, from which the results of the developed system are analysed. Conclusion

from the previous chapters is explicated in chapter 6.



Chapter 2

LITERATURE REVIEW

2.1 OVERVIEW

The purpose of this project is to construct a high voltage gain multi-input interleaved bidi-
rectional DC-DC converter with PPS control topology. The literature related to various bidi-
rectional DC-DC converters, control topologies and maximum power point tracking (MPPT)
techniques is discussed to develop the proposed system. The contributions of each paper are

explained below.

2.2 BIDIRECTIONAL DC-DC CONVERTER

Bidirectional DC-DC converters (BDC) are very important and are used in many application,
such as storage interface [1], [2] and Electric Vehicles [3]. Bidirectional dc—dc converters are
needed for all energy conversion applications as they allow high voltage and low voltage to
interact between each other[4]. Traditional BDC with two switches that are not isolated and not
good for these applications because it needs very high duty ratios in boost mode and in buck
mode . In [5] the voltage in the low-voltage side (LVS) and the voltage in the high-voltage
side (HVS) are clamped by energy storage devices and DC microgrids, respectively. Most
energy storage has low voltage ratings, and connecting storage cells in series makes them less
reliable [6]. So a high gain of voltage conversion is necessary for DC-DC topologies. Out
of the two types of converters, isolated and non-isolated converters, the voltage gain of non-
isolated converter is limited by the duty cycle. Isolated BDC uses a transformer as the isolating

element, which makes it possible to change the turns ratio and helps to reach high conversion



ratios. But in a full-bridge isolated BDC, there are usually at least eight active switches [7], [8].
Leakage inductance can cause voltage stress, so these topologies use clamped capacitor circuits
[9] to avoid it. This makes it even harder to control these BDC. In [10], a new soft-switching
DC-DC converter topology for high-power applications is studied. This converter has two three-
phase inverter stages that operate in a high-frequency six-step mode, which reduces switching
losses and accelerates switching frequency. High-frequency isolated DC-DC converters are
recommended because their voltage conversion can be easily changed by changing the turns
ratio of the transformer. Some isolated DC-DC Converters use a transformer to get a high-gain
conversion, but the leakage inductance and parasitic capacitance cause high voltage or current

spikes on the power devices.

Dual active bridge converters are the most popular isolated bidirectional converters due to their
bidirectional power flow capacity, high power density, soft switching, and cascaded or paralleled
modularity [11], [12]. In [13] focuses on the dual-active-bridge (DAB) DC-DC converters in
power electronic traction transformers. Model-predictive control with current stress-optimized
(MPC-CSO) based on dual-phase-shift (DPS) control is suggested to improve the dynamic per-
formance, balance the transmission power, and get the current-stress optimization. The opera-
tion principles and switching modes of a dual H-bridge-based DC-DC converter were analysed
in [14], and the expressions for voltage ripple and relation between voltage, current, and power
are deduced. In the case of a Hybrid Dual-Active-Bridge DC-DC converter that is fed by a
current [15]. It sets the duty cycle of the switches on the primary side to 0.5 to reduce the ripple
in the input current and get high power conversion efficiency and a high gain in voltage. As
it uses ten switches, it is expensive. So a new converter is introduced in [16] which presents a
converter with ripple free input current for renewable energy systems. This converter can pro-
duce significant step-up voltage gain with a minimum number of devices and a low turns ratio
transformer by using a switching operation on the secondary side. A secondary series-resonant
circuit reduces switching losses and achieves high power conversion efficiency over the whole

range of operation.

Some current-fed converters have been made to cut down the circulating current and increase the
input voltage range. Some current fed converters are to boost the converter’s efficiency under
light loads, [17] suggested a Dual Phase Shift Modulation (DPSM) for an active commutated
current-fed dual active bridge for low-voltage (LV) high-power applications. The phase shift

between the legs on the HV side helped to lower the LV diode current, which in turn lowered



the circulating current in the converter. The two degrees of freedom in the proposed modulation
helped to improve the performance of the converter by controlling the peak current based on
the load. This is better than the simple PSM control, which only has one variable. This is
done in the opposite direction to increase the ZVS range in the high voltage side. However
the disadvantage is ZVS failure at the light load condition. In order to increase the ZVS and
reduce the current ripple, an interleaved structure is designed. A traditional voltage-matching
(VM) control is used for bidirectional converters to minimise the RMS of the inductor current
[18]. The basic topology with interleaved structure is studied in [19]. Intermediate capacitor-
based topology is studied [20] in modification of initial topology to increase voltage gain but
lost parallel inductor structure, which is helpful in sharing current during buck mode. Quasi-
resonant operation of same [21] BDC structure where coupled inductor is replaced by simple
inductor is studied [22], which is further generalised to make the topology suitable for high
power applications. But the basic structure of the circuit stays the same. The proposal [23] uses
an interleaved structure with two extra inductors to share the current. Even though topology
[23] is better than [24] in terms of gain, stress level, and efficiency, the circuit is harder to
operate because it has more parallel inductors. The performance of Phase-shift (PS) and PWM
plus phaseshift (PPS) control schemes is compared in [25]to explore their detailed difference
and give a design guidance for the industrial applications. The comparison results show that
the PPS control scheme is an optimal case of the PS control with some control complexity
and have many advantages compared with the PS control strategy. The converter proposed in
is designed to reduce current ripples that are fed into renewable energy resources. Many of
the control strategies that have been suggested in past studies are complicated, so the phase
shift ratios have to be calculated by math software [26]. To do computation in real time, an
online control strategy is proposed [27]. It operates on a coupling relationship between its three
variables, which include one duty cycle and two phase shift angles. Due to the complexity
of most modulation schemes, a high-performance digital controller is essential for real-time
operations [28]. Many research projects focus on comprehensive optimization schemes [29]
[30] to separate multiple control variables and make a simple control strategy. This is done to
reduce the amount of computing that needs to be done. In [31], a high voltage-gain bidirectional
DC-DC converter is proposed using decoupling control. A voltage doubler is used in the high
voltage side to double the voltage. Thus the overall conversion efficiency is high and reduces

switching losses.



An electric vehicle charging station is a equipment that connects EVs to a source of electricity
to recharge them. It is a lengthy charging process and it is unreliable due to the lack of available
charging outlet port, much research has been done to use renewable energy resources as the in-
put to the system. When solar PV panels are added, the input of the converter becomes unstable
because the voltage and power of the solar PV panels change depending on the temperature and
irradiance. Different Maximum Power Point Tracking (MPPT) methods [32], [33], [34], [35],
[36], [37] are used to get the maximum energy out of solar PV panels in different climatic con-
ditions. There are two type of charging station: ON grid and OFF grid solar charging station.
ON grid solar charging station charges the EV by using power grid to transfer electricity from
an off grid source i.e, solar energy to EV. Off grid solar charging station uses direct current to
power electric EV’s. In [38] proposes a electric vehicle charging station suitable for multiple
electric vehicles. This electric vehicle charging station model was designed to support vehicle
to grid and reactive power compensation. [39] modeled an EV charging station for DC quick
charging of multiple EV simultaneously. General faults that occur commonly in a charging sta-
tion is implemented to the modeled EV in [39] and studied the effects of fault and implemented
a protection scheme that would eliminate the faults. In [40] discusses a two input single output
DC-DC converter for EV charging with solar source as one of the input. The overall efficiency
of the system increases by the integration of PV source with DC source. This work is concen-
trated on DC-DC converter in EV charging with Fixed DC, PV source in three modes such as

fixed DC only, PV source only and PV integrated with DC source.

2.3 SUMMARY

This chapter discusses previous work related to this research domain. This review focuses
on different types of BDC converters, its operation, applications and disadvantages and which
leads the decision of using interleaving technology in bidirectional DC-DC converter to reduce
the ripple percentage. Previous publications related to various MPPT control algorithms for
harvesting maximum power from solar PV and work related to EV charging stations is also
included here. Different DC-DC converter topologies and proposed system is explained in the

next chapter.



Chapter 3

HIGH VOLTAGE GAIN
BIDIRECTIONAL DC-DC CONVERTER

3.1 OVERVIEW

Based on studies and a review of the literature, it has been found that the interleaving technol-
ogy in bidirectional DC-DC converters can reduce the amount of output voltage and current
ripple. The pps control topology is introduced to reduces the control complexity of the system.
This chapter covers different DC-DC converters such as boost converters, interleaved bidirec-
tional converters, and interleaved boost converters and their working. This chapter gives a brief
explanation of the voltage doubler circuit and how it works in this proposed system. For better
understanding, the block diagram of the system, the DC-DC converter, and the control topolo-

gies are explained.

3.2 DC-DC CONVERTER

A DC-DC converter is an electrical circuit which converts DC voltage from one voltage level to
another. They are widely used in regulated switch mode DC power supplies and in DC motor
drive applications. There are two types of DC-DC converter linear and switched mode DC-
DC converter. Linear converters are the one which uses a resistive voltage drop to create and
regulate the given output voltage. Switch mode DC-DC converters stores energy to the inductor
periodically and releasing the stored energy to the output of different voltages. The energy is

stored either in an inductor, a transformer or a capacitor.



DC-DC converter allows the power to flow only in one direction. A bidirectional DC-DC con-
verter is used in the DC-DC conversion process because it enables power to flow in both di-
rections. Typically used in energy storage in battery banks, renewable energy systems and so

on.

On the basis of the isolation of load from the source the DC-DC converters are classified as :
¢ Isolated DC-DC Converters
¢ Non isolated DC-DC Converter

An isolated converter separates the input from the output, preventing direct current flow be-
tween the input and output, which is typically accomplished with the use of a transformer. The
presence of the transformer in the isolated converter offers isolation between the input voltage
and the output voltage, which eliminates the risks associated with electric shocks. However, the
introduction of the transformer results in an increase in the converter’s size, cost and weight. A
non-isolated converter has a single circuit through which current can flow from input to output.
This type of converter circuit uses switches, an inductor and a capacitor to transfer energy from
the input to the output. Non-isolated converters are classified mainly into three types: buck,
boost, and buck-boost converters. In a buck (step-down) converter, the output voltage produced
is less than the input voltage. In a boost (step-up) converter, the output voltage is greater than
the input voltage. The buck boost converter allows the input DC voltage to be either stepped up

or stepped down, depending on the duty cycle.

Here are some advantages of using a bidirectional DC-DC converter in the battery charger of

an electric vehicle:

High effectiveness.

Smaller in size and less bulky.

EMI reduction (electromagnetic interference).

Reduce the ripple in the input and output currents There are two kinds.

Instead of varying the input voltage, power flow was controlled.



3.2.1 BOOST CONVERTER

A boost converter (step-up converter) is a DC-DC converter that increases the voltage from
input to output. The working principle of the boost converter is the ability of the inductor
to resist current either by increasing or decreasing the energy stored in the inductor magnetic
field. Filters made of capacitors are typically added to the output and input of such a converter
to reduce voltage ripple. The circuit diagram of boost converter is shown in Figure 3.1. The
components in a boost converter circuit are an inductor, a capacitor and a switch. It has two

modes of operation.

e Mode 1: When the switch is turned ON, the diode is reverse biased. The current will
flows through the inductor, switch and back to DC source. The inductor stores energy

and the polarity on the left side of the inductor is positive.

L Diode
YY)
1
Vs |+ ’I_% i_c g
e E T R
J— o 5

=

Figure 3.1: Circuit diagram of Boost Converter

* Mode 2: When the switch is turned OFF, the diode is forward biased. The polarity of
the inductor is reversed and the energy stored in the inductor is released to the load. This

helps to keep the flow of current in the same direction and also boosts the output voltage.

The waveform of inductor current in boost converter is shown in figure 3.2. The inductor
charges during 7, and dischages during 7,¢;. During 77, the switch is ON, the diode is
reverse biased and this time the load is being supplied by the energy stored in the capacitor.
The current flows from V/,, to inductor L and switch S and the inductor will charge. Applying

Kirchhoff’s Voltage Law (KVL), the inductor voltage V7, is given by the equation 3.1
Vi =Vin =V (3.1

Vin 1s the input voltage and Vj is the turn on voltage of the switch. The voltage across the

inductor is
di
Vi=Lx— 3.2
L X i (3.2)
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Figure 3.2: Waveform of inductor current in Boost Converter

Expressing the change in current di
VL
di = — x dt
i=7 X

substituting equation 3.1 in equation 3.3

di —
! L

X dt

Integrating the equation 3.4 from 0 to 75,

T
o Vi — Vi
0 L

(3.3)

3.4)

(3.5)

During 7, the switch is OFF, the diode is forward biased and at this time the load is being

supplied by the energy stored in the inductor. The inductor will starts to discharge and current

flows from V;, to diode D then to the load. Applying KVL
Vi =Vo+ V= Vi

Substituting equation 3.6 in equation 3.3 results in

Vet ViV

y
! L

X dt

Integrating equation 3.7 from 7,, to T’

i_/T%+W—%

dt
7 X

on

11
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Equating equation 3.5 and eqaution 3.8

Ton L T — .
/ Vin V‘”xdt:/ Vot Vi =Vin
0 L on L (3'9)

Ton(‘/;n - ‘/s) = (T - Ton)(‘/o + Vf - ‘/zn)

Substitute 1, = DT
DTV, — DTV, = T(1 — D)(V, + V} — Vi) (3.10)

Then solving for the duty cycle D

Vot+ Vi = Vi
= 3.11
v,V Ve GD
Assuming diode and switch voltages as zero then the equation for duty cycle D is
‘/o - szn
D=—"07—— 3.12
v (3.12)
Final equation for duty cycle is given by the equation 3.13.
Vi
D=1- 3.13
7 (3.13)

Boost converters are advantageous because they provide a high output voltage compared to the
input voltage, have low operating duty cycles, and have a lower voltage stress. Boost converters
are used in power amplifier, battery power systems, Electronics and communication applications

etc.

3.2.2 INTERLEAVED BOOST CONVERTER

Voltage and current ripples are produced in DC converters causes many undesirable effects in
DC circuits, such as noise distortion, improper operation of the circuit, and the possibility of
heating components etc. In order to overcome this ripple, a new topology is introduced, which is
called interleaving. Interleaving is a technique in power converter design for switching multiple

converter stages in parallel thus reducing the input current and output voltage ripples.

The phase difference between the gating pulses of the switches in interleaved converter is 360/n,
where n is the number of parallel boost converters. Here the Converter (IBC) is made up of two
boost converters connected in parallel with a 180° phase delay and running at desired frequency.
The interleaved boost converter is better than a boost converter because it 1s more efficient, and

reliable.

12
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Figure 3.3: Circuit diagram of Interleaved Boost Converter

The schematic diagram of a two phase interleaved boost converter is shown in Figure 3.3. It
consist of a combination of inductor, diode and switches in parallel. Switches (); and (), are

triggered with switching pulses which enables the interleaving operation.

Model : When the switches () and ()5 are turned ON, the current flowing through the inductors

L, and L, increases linearly. During this time, the capacitor provides energy to the load.

Mode?2 : (), is OFF and () is ON condition. Thus results in linear increase in current through L.
The energy stored in the inductor L; forward biases the diode [D); which allows the flow of
input current to flow to the output stage through );and D;. The energy in the inductor L; is

passed to the capacitor and the load.
Mode3:This is similar to the case when (); and (), are triggered.

Mode4: Next stage (), is OFF and (), is ON results in linear lincrease in current through the
inductor L. The energy stored in the inductor L, forward biases the diode D, and the energy
stored in the inductor L is passed to the capacitor C,,s; and the load. During this mode of

operation the voltage is stepped up.

The diodes D; and D in the interleaved boost converters are replaced by controlled switches
s and @, for the interleaved bidirectional operation of DC-DC converters which is shown
in Figure 3.4. It consist of two modes of operation. One is boost and another is buck mode
of operation. Switching is used to make this device to work in the boost and buck modes

respectively.

Boost mode of operation: During boost mode of operation when the switch @); and (), are

triggered the current flows through the inductor L, and L, increases linearly. During this

13
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Figure 3.4: Circuit diagram of Interleaved Bidirectional Converter

period capacitor provide energy to the load. During this mode input voltage of the converter is

boosted.

Buck mode of operation: During the buck mode of operation switches ()3 and (), are operated.
When the switches are turned ON the current increases linearly. When the switches are turned
OFF the energy stored in the inductor is transmitted to the load. During this mode input voltage
of the converter is stepped down to 60V. For this work, only boost mode is considered. The

bidirectional case is more difficult as the circuit becomes more complicated.

3.3 VOLTAGE DOUBLER

Voltage multiplier is an electrtonic circuit which multiplies or rises the voltage level. Voltage
multiplier circuits are divided into three main types based on how they multiply voltage: voltage
doubler, voltage tripler, and voltage quadrupler. A voltage doubler doubles the peak value of
input voltage, a voltage tripler triples the peak value input of voltage, and a voltage quadrupler
increases the voltage by four times the peak value of the input voltage. This work is concentrated
on voltage doubler circuit. A voltage doubler is an electronic circuit that charges capacitors
from the input voltage and switches these charged capacitors in such a way that exactly twice

the voltage is produced at the output.

The circuit diagram of voltage doubler is shown in Figure 3.5. During the positive half cycle of
the input AC signal, diode D, is forward biased. So the diode allows electric current to pass

through it. This current will flows to the capacitor (' and charges it to the peak value of input

14
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Figure 3.5: Circuit diagram of Voltage doubler

voltage V;,. Diode D is reverse biased during the positive half cycle. So diode D, does not
allow electric current through it, therefore capacitor C) is uncharged. During the negative half
cycle of the input AC signal the diode D, is forward biased. So the diode D, allows electric
current through it. This current will flows to the capacitor C5 and charges it to the peak value
of input voltage V;,. Diode D; is reverse biased during negative half cycle. So D; does not

allow electric current through it.

The capacitor C; and (% are charged during alternate half cycle. If no load is connected to the
output terminals, the output voltage V, is equal to the sum of the capacitor voltages V., and

V02 ie

Vo=Va 4V,
= Vi + Vi (3.14)
=2V,
When a load is connected to the output terminals, the output voltage V|, will be a little bit less
than 2V}, The use of high voltage transformer is eliminated as the voltage changes from low
voltage to high voltage at low rate. Negative voltage can also be produced by reversing the
direction of the diodes and capacitors. By cascading similar voltage multipliers together, the
voltage multiplier factor is raised. Voltage doublers are widely used in cathode ray tubes, in

x-ray and radar systems along with LCD backlight, in laser systems and in oscilloscopes etc.

15



3.4 BLOCK DIAGRAM OF THE PROPOSED SYSTEM

PPS |
DC SOURCE
{  DC-DC | LOAD/
»| CONVERTER BATTERY
PV SOURCE ]

MPPT

Figure 3.6: Block diagram of the proposed system

The block diagram of the proposed system is shown in figure 3.6. It consist of a fixed DC
source, PV source, DC-DC converter, PPS control, MPPT control and a load/battery. DC-DC
converter include interleaving (LVS) and voltage doubling (HVS) technology. PPS control is
applied to both LVS and HVS of DC-DC converter when a DC source is used as the input to
the proposed system. When solar PV panel is used as the input voltage source of the proposed

system MPPT control is used in LVS and PPS control is used in the HVS of DC-DC converter.

34.1 BLOCK DIAGRAM OF DC-DC CONVERTER

The block diagram of the DC-DC converter in the proposed system is shown in Figure 3.7. This
block diagram consist of Interleaved Bidirectional converter (IBC) , Voltage doubler, PV/Fixed
DC source, PPS control, MPPT control and battery/load. DC source with input of 60V is
applied to IBC converter. An isolation transformer is used to isolate the LVS and HVS side.
An isolation transformer is a stationary device that physically and electrically separates the
primary and secondary windings of the system. It sends electricity from one circuit to another

by using a magnetic induction mechanism that uses a magnetic field to create EMF in another
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Figure 3.7: Block diagram of DC-DC converter

circuit without changing the frequency. Isolation transformer is used to protect the device from

electric shocks or to transfer power between two devices.

34.2 BLOCK DIAGRAM OF PWM PLUS PHASE SHIFT
CONTROL

The block diagram of the PPS control topology is shown in Figure 3.8. It consist of two control
parts: voltage match control and power flow control. V; and V5 are the voltages of the LVS and
HVS respectively. I, is the current from HVS and FP,.; is the reference power. Voltage match
control part can be implemented by D, derived from V) and V5. The power flow control part

can be implemented by the adjustment of phase angle using a PI controller.

The power from the HVS is compared with the reference power, and the difference is given to
the PI controller. The output of the PI controller is the phase angle ¢, which is given to the
PWM to generate the driving signal. The change in duty cycle is represented by d D, which is
selected as 0.002. Other two input to the PWM is D,, and D;. In proposed control the control
variables D), and ¢ are separatly controlled. These driving signals are given to the switches of
HVS and LVS when the system operates with DC source. While using MPPT these signals are
used in HVS only.
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3.5 SUMMARY

DRIVING
SIGNALS

Different type DC-DC converters such as boost, interleaved boost and interleaved bidirectional

converters and their workings are studied. The interleaved boost converters are advantageous

over conventional boost converters, therefore this work focuses on interleaved boost converter

on the LVS. The working logic of the voltage doubler circuit is depicted as it is a part of the

system. The block diagram of the system, DC-DC converters and PPS control are provided to

get a brief idea of the whole system. Next chapter discusses about the MPPT algorithms which

includes P&O, multistep P&O and zero oscillation algorithm.
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Chapter 4

MAXIMUM POWER POINT
TRACKING

4.1 OVERVIEW

A sustainable way to charge an electric vehicle is to use electricity from renewable source of
energy such as the sun, the wind, etc. In this work, solar energy is chosen as the renewable
energy source, and a PV panel is used to absorb the radiation from the sun. Different MPPT
algorithms such as PO, multistep PO, and zero oscillation are used to extract maximum power
from the PV panel and comparison of aforementioned MPPT is done to determine the best

among them.

4.2 INTRODUCTION

Maximum Power Point (MPPT), which stands for "Maximum Power Point Tracking," is an al-
gorithm used to get the maximum power out of a PV module under certain conditions. The volt-
age at which the MPPT can produce maximum power is called Maximum Power Point (MPP).
Maximum power varies with solar radiation, ambient temperature and solar cell temperature.
Only 30 to 40 percent of the solar energy that hits a standard solar panel is turned into electricity.
Maximum power point tracking is used to make the solar panel work better. There are different
MPPT methods and designs. Each methods have its own specifications,limitations and applica-
tions. MPPT methods are classified based on different norms such as tracking technique, sens-

ing implementation and contemporary. For each classification there are several subcategories
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based on different factors, working principle or implementation. Based on tracking mecha-
nism MPPT methods can be classified as: conventional, soft computing and hybrid methods.
In this work P&O, multi-step P&O and zero oscillation methods are used which comes under

conventional method.

4.2.1 PERTURB AND OBSERVE MPPT ALGORITHM

This is a conventional MPPT method which includes the perturbation in the voltage and max-
imum power output is measured. Figure 4.1 shows the flow chart of P and O algorithm. The
fundamental principle of the P&O method is that the voltage is purposely perturbed to increase
or decrease, and then the power is compared to what was acquired before the disruption. The
power is raised if the preceding state’s perturbation was positive, the power rise continued in
that direction. When the prior state was perturbed positively , the power reduced and the current
should be in the opposite direction. The power is increased when the preceding state’s pertur-
bation was negative and the perturbation is then continued in the same direction. The power is

reduced, if the prior state had a negative perturbation, the current perturbation should go in the

| Find: v, and v, |
i
Measure :V(K),I(K)
Compute : P(K)=V(K) x I(K)

opposite direction.

dP=P(K)-P(K-1)
dV=V(K)-V(K-1)

Yes A No
V

| DEO=D(K-1)*aD | | DE=DK-1)-aD | | Dao=p(-1)-aD | Dao=pac1y+ap |
|

-| RETURN |

Figure 4.1: Flow chart of P&O algorithm
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The main advantage of this method is that it doesn’t have to figure out the complicated math-
ematical relationship between power output, solar irradiance, solar temperature, and total re-
sistance. This algorithm is not appropriate for fast varying atmospheric conditions due to slow
tracking. To overcome the limitations of P&O algorithm multistep P&O algorithm is intro-

duced.

4.2.2 MULTISTEP PERTURB AND OBSERVE MPPT ALGORITHM

| Find: v, anav, |
]

Measure :V(K),I(K)
Compute : P(K)=V(K) x I(K)
|
dP=P(K)-P(K-1)
dV=V(K)-V(K-1)

[ DEy-DE1)*aD | | pE=pE-1)-aD || D(K)=D(K-1)-dD || D)=D(K-1)+dD |
[

_| Return |

Figure 4.2: Flow chart of multistep P&O algorithm

Multistep P&O is the improved version of conventional P&O, which increases the tracking
speed and reduces the oscillations by comparing change in voltage with an error, either a high
step value or a small step value is employed to achieve MPP. Figure 4.2 shows the flow chart of
multistep P&O algorithm. When the operating point is far from MPP, the algorithm creates a
large step value(0.02) and when the operating point is close to MPP, the algorithm creates small
step value(0.002).By taking the slop of the P-V curve. In order to eliminate the limitations of
P&O and multistep P&O algorithm a new method is introduced called zero oscillation MPPT

algorithm.
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4.2.3 ZERO OSCILLATION MPPT ALGORITHM

The zero oscillation method acquires the MPP faster and better than the P&O method because
it doesn’t have drifting problems and works most efficiently in rapidly changing environmental
conditions. Two voltage and current sensors are used in this method to measure the output
voltage and current of the PV array. This method is considered to be the slope of the power
voltage curve. Figure 4.3 shows the flow chart of zero oscillation algorithm.

]
| Measure :V(K),I(K) |
¥
dV=V(K)-V(K-1)
dI=V(K)-I(K-1)

|d—P|<error
dv

| ap=ap, | | ap=ap; |

| DE)=D(K-1)+aD | [ DEO)=D(K-1)-aD || D(K)=D(K-1)-dD || D(K)=D(K-1)+dD |
!

—| Return |

Figure 4.3: Flow chart of zero oscillation algorithm

This algorithm detects the slope of P-V curve. This algorithm uses instantaneous conductance

L

v and additive conductance g—"/ for MPPT. The relation between the two conductance value is

given by the equation 4.1

dy I
- 4.1
=V @D
dr I
- 4.2
. >y (4.2)
dy I
_ 4.3
. <=y (4.3)

Depending on the relationship between the two values, the operating point of PV panel in the P-
V curve can be determined. Equation 4.1 indicates that the PV panel operates at MPP, equation
4.2 and 4.3 indicates that the operating point of the PV panel is on the left and right side of the

P-V curve respectively.
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43 SUMMARY

This chapter discusses different MPPT algorithms such as conventional P&O algorithm, multi-
step P&O and zero oscillation algorithms , and their flow chart, advantages and disadvantages.
These algorithms are employed in interleaved boost converter for the comparison and conclu-
sion is depicted in the next chapter. The simulation model of the proposed system and the results

are also included in chapter 5.
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Chapter 5

SIMULATION MODEL AND RESULTS

5.1 OVERVIEW

This chapter deals with the design and simulation of proposed system with fixed DC source, PV
source and integrated DC and PV source. The simulation and results of interleaved bidirectional
converter, interleaved boost converter and voltage doubler are also included. These circuits are

simulated in MATLAB/SIMULINK using the designed parameters and the simulation results

are analysed.

5.2 SIMULATION PARAMETERS OF THE PROPOSED

SYSTEM

Table 5.1: Simulation parameters of the proposed system.

SL.no Parameter Specification
1 Input Voltage( V1) 60V
2 Switching Frequency( f;) 30 KH,
3 Power(P) 800W
4 Output Voltage( %) 240V

Table 5.1 shows the basic simulation parameters such as voltage, frequency, power and output

voltages to design the converter parameters such as inductor, capacitor and resistor.
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5.3 DESIGN EQUATIONS OF THE PROPOSED SYSTEM

A 800 W, 60/120 V', 30 K Hz prototype is used to verify the proposed converter. The inductor,

capacitor and resistor of the circuit are designed using the following equations:

* D, denotes the duty cycle of the LVS.

Vi
Dp=1—-— 5.1
P A (GRY

Dy denotes the duty cycle of the HVS.

Dg=D,— AD (5.2)

Inductor :

The inductor ripple current is taken as 3% of the output current

v
L= FAleDp (5.3)

Capacitor at LVS :

The voltage ripple is taken as 5% of the output voltage

Ip
= D 4
¢ F,AVy 7 >4)
* Capacitor at HVS :
The Ripple voltage V. is taken as 2%
tx1
C = 55
v (5.5)
* Resistor :
VQ
R=_— 5.6
iz (5.6)

5.4 DESIGN PARAMETERS OF THE PROPOSED
SYSTEM

The designed parameters such as inductor, capacitor and resistor of the proposed system is
shown in Table 5.2, which is calculated from the design equations mentioned above. L, Lo,
C; and R; are the inductance, capacitance and resistance on the LVS. (5, C5 and R, are the

capacitance and resistance on the HVS.
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Table 5.2: Design parameters of the proposed system

SL.no Parameter Specification
1 Inductor( Ly, L») 1010.1 pH
2 Capacitor( C) 4.582 puF
3 Capacitor( Csy, C'3) 2775 mF
4 Resistor( ;) 18 Q2
5 Resistor( R») 72 Q)

Table 5.3 shows the PV specifications. Here we uses a PV panel with 2 parallel and 2 series

strings and the output power of the panel is 800W

Table 5.3: PV specifications

SL.no Parameter Specification
1 Cells /Module( N_.g;5) 60
2 Maximum power( W) 200 W
3 Open circuit voltage( V) 36V
4 Short circuit current( /) 775 A
5 Voltage at maximum power point( V) 2871V
6 Current at maximum power point( /,,,) 6.97 A
7 Temperature coefficient of V. -0.126°C
8 Temperature coefficient of /.. 0.055°C

5.5 SIMULATION MODEL AND RESULTS OF
INTERLEAVED BIDIRECTIONAL CONVERTER
CIRCUIT

Figure 5.1 shows the simulation model of interleaved bidirectional converter. It consist of four
switches, inductor, capacitor and resistor. It consist of two modes of operation. One is boost

mode of operation and the other is buck mode of operation. In boost mode of operation the
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Figure 5.1: Simulation model of interleaved bidirectional converter circuit

voltage is boosted to voltage which is higher than the input voltage and in buck mode of oper-
ation the voltage is stepped down to a voltage which is less than the input voltage. Switching
is used to make this device work in the boost and buck modes respectively. Switches (); and
(22 operates during the boost mode and Switches ()3 and (), operates during the buck mode of
operation. When the power is turned on, the circuit is in boost mode for the first one second.

For the next second, it will be working in buck mode.

—Boost Mode | |

T
: _
0.8 Buck Mode

3
=4
o

T T T T 7

Q4
cooo
ONPO®
T 1 171

0 0.2 0.4 0.6 0.8
Time(Sec)

Figure 5.2: Switching pulses of interleaved bidirectional converter circuit

The switching pulses of an interleaved bidirectional converter are shown in Figure 5.2. It oper-

ates in boost mode for the first one second and switches to buck mode after one second.
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Figure 5.3: Enlarged switching pulses of interleaved bidirectional converter circuit

The enlarged switching pulses of interleaved bidirectional converter circuit with a duty ratio
of 0.5 is shown in Figure 5.3. In boost mode switches (); and ()5 are triggered for first one

second. For the next one second it will be in buck modes, during this mode switches ()3 and

(04 are triggered.

1

1.00002 1.00004 1.00006 1.00008 1.0001

Time(sec)
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Figure 5.4: Inductor current of interleaved bidirectional converter circuit in boost mode

The inductor current in an interleaved bidirectional converter in boost mode is shown in Figure

5.4. Inductor currents [, and I}, are increasing during boost mode with 180 °phase shift. The

0.06326 0.06328 0.0633 0.06332 0.06334 0.06336

Time(sec)
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input current is the average of these two inductor current, so ripple will be less as compared to

conventional boost converter.

Boost mode

140 |

Voltage(V)
852838

o

120 f ' | | ' ' '
<100 f Buck mode
~ 80+ T T
60
40 L | ] | | | | 4
20 L { { 4

0

Voltage(V

0 02 04 06 08 1 12 14 16 18 2
Time(Sec)

Figure 5.5: Output voltage of interleaved bidirectional converter

The output voltage of interleaved bidirectional converter is shown in Figure 5.5. The red line
indicates the boost mode of operation and the blue line indicates the buck mode of operation
of interleaved bidirectional converter. For the first one second, the switching pulse is in boost

mode, and the voltage is boosted to 120 volts. After one second, as it is in buck mode, the

voltage is stepped down to 60 volts.

5.6 SIMULATION MODEL AND RESULTS OF
INTERLEAVED BOOST CONVERTER CIRCUIT

The simulation model of interleaved boost converter is shown in Figure 5.6. It consist of a
inductor, capacitor and resistor. Here for the boost operation only the switches (); and () are

triggered. Here only the boost mode of operation is considered to obtain high gain.
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Figure 5.6: Simulation model of interleaved boost converter circuit

The duty ratio of the interleaved boost converter with P&O algorithm is shown in Figure 5.7.
The duty ratio increases step by step from 0.1 to 0.52 upto a time of 0.42 sec. After 0.42 sec
duty ratio will remain stable with oscillations. Conventional P&O will take some time to reach

desired duty ratio.
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Figure 5.7: Duty ratio of interleaved boost converter with P&O algorithm

The output voltage of the interleaved boost converter with P&O algorithm is shown in Figure
5.8. Graph shows that output voltage reaches its desired value after 0.42 second. The average
voltage and percentage ripple of output is calculated from the graph as 119V and 1.17 percent-

age respectively. To overcome this multistep P&O algorithm is introduced.
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Figure 5.8: Output voltage of interleaved boost converter with P&O algorithm

The duty ratio of interleaved boost converter with multistep P&O algorithm is shown in Figure

5.9. Duty ratio reaches its desired value at 0.2 sec, multistep P&O algorithm reaches desired
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value much faster than conventional P&O algorithm with less oscillation.
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Figure 5.9: Duty ratio of interleaved boost converter with multistep P&O algorithm

The output voltage of the interleaved boost converter with multi-step P&O algorithm is shown in

Figure 5.10. The output voltage reaches the desired value after 0.2 sec, with a ripple percentage

0.2

0.4

0.6

1 112 116
Time(sec)

of 1.005%. The average output voltage is 119.2V.
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Figure 5.10: Output voltage of interleaved boost converter with multistep P&O algorithm
The duty ratio of interleaved boost converter with zero oscillation algorithm is shown in Figure

5.11. This method acquires steady state much faster than aforementioned MPPT algorithms.

Zero oscillation algorithm attains the desired duty ratio at 0.034 seconds.
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Figure 5.11: Duty ratio of interleaved boost converter with zero oscillation algorithm

The output voltage of the interleaved boost converter with zero oscillation MPPT algorithm is
shown in Figure 5.12. The output voltage has a ripple percentage of 0.8%, which is less than the
ripples produced in conventional P&O and multistep P&O algorithms. Here the average output

voltage 119.5V.
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Figure 5.12: Output voltage of interleaved boost converter with zero oscillation algorithm

Table 5.4: Comparison of three MPPT method

Time taken to MPPT Average Ripple Pre-
reach methods Voltage(V) | centage(%)
MPPT(Sec)
0.42 P&O 119.2 1.17
0.2 Multistep 119.3 1.005
P&O
0.034 Zero 119.35 0.8
Oscillation
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Table 5.4 depicts the comparison of three MPPT algorithms. This comparison led to the conclu-
sion that the zero oscillation algorithm is better than other P&O and multistep P&O algorithm
as the ripple of the output voltage is reduced and the time taken to reach MPP is much faster.

Hence for further simulation only Zero oscillation MPPT algorithm is used with solar PV panel.

5.7 SIMULATION MODEL OF VOLTAGE DOUBLER
CIRCUIT

The simulation model of voltage doubler circuit is shown in figure 5.13. It consist of capacitor,
resistor, and switches. The voltage doubler doubles the output voltage. At the first stage, when

S1 is ON, the diode D, is forward biased, which allows the current to flow through it. This
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Figure 5.13: Simulation model of voltage doubler circuit

current passes through the capacitor C5 and charges it to the peak value of the input voltage.
At that time, S5 is OFF, and the diode of D5 is reverse biased. So it does not allow the current
to flow through it, thus the capacitor C' is uncharged. When switch S; is OFF and S, is in
ON condition, the reverse operation will take place. The capacitor C5 charges and C5 becomes
uncharged. (3 also charges to the peak value of the input voltage. So the total output voltage
( V5) will be the sum of the voltages across two capacitors. Switches S3 and S, indicates the

bidirectional operation.

5.8 SIMULATION MODEL OF THE SYSTEM

The simulation model of the whole system is shown in Figure 5.14, which consist of DC-DC
converter, PPS control, MPPT control and switching case. DC-DC converter consists of an
inductor(L), capacitor(C), resistor(R), and eight switches. @1, @2, @3, ()4 in LVS side and
S1, S, S3, Sy in HVS. Dp denotes the duty cycle of LVS side. The drive signal of @,
lags behind the drive signal of ()2 by 180°. Meanwhile, the drive signals of (), and (), are
complementary with those of ()3 and 4. Dg denoted the duty cycle of the HVS side. The
drive signal of S3 also lags behind the drive signal of S;. Meanwhile, the drive signals of S3

and S, are complementary with those of S; and S, by 180°.
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Figure 5.14: Simulation model of the system

60V is given as the input which is gone for interleaved boost operation in LVS. Thus the voltage
is boosted to an average voltage of 120V. This boosted voltage is passed through an isolation
transformer. After that it will undergo for voltage doubling operation where the voltage get
doubled to an average of 240V. In PPS control, the input is the input voltage from the LVS side
and the output pulses from PWM are given to the switches ()1, ()5 in LVS side and S;, 5o,
S3, Sy in HVS. In MPPT control, the output pulses from PWM are given to the switches ()1,

Q2.

5.9 SIMULATION RESULTS OF THE PROPOSED
SYSTEM

Based on the input source applied to the proposed system there are three cases of operation.

They are the system with:
¢ Fixed DC source
* PV source

¢ PV source and fixed DC source
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5.9.1 WITH FIXED DC SOURCE
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Figure 5.15: Input and output voltage of interleaved boost converter with DC source

The input voltage and the output voltage ( V) of the interleaved boost converter in the proposed
system with fixed DC source is shown in Figure 5.15. The input voltage is 60V which is a
constant throughout the operation.The output voltage of the interleaved boost converter, is a
boosted voltage which is an average of 119V. The interleaved circuit eliminates the ripples in

the output voltage of LVS.
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Figure 5.16: Output voltage of the proposed system with DC source
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The output voltage of the proposed system with a DC source is shown in Figure 5.16. The
average voltage and percentage ripple is calculated from the output voltage waveform are 238V
and 0.8 percentage respectively,leads to the conclusion that proposed system provides desired

constant DC supply with less ripples.
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Figure 5.17: Output power of the proposed system with DC source

The output power of the proposed system with DC source is shown in Figure 5.17. The aver-
age power and efficiency estimated from the output power waveform are 790W and 98.75%,
respectively, which leads to the conclusion that the proposed system provides better efficiency

at fixed DC input voltage.

5.9.2 WITH PV SOURCE

The input and output voltage of the interleaved boost converter in the proposed system with
PV source is shown in Figure 5.18. The input voltage given to the converter is 60V, which is
boosted to an average of 119V. The input and output voltage of the interleaved boost converter

is indicated by the blue line and red line respectively.
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Figure 5.18: Input and output voltage of the interleaved boost converter with PV source

The output voltage of the proposed system with PV source is shown in Figure 5.19. The out-
put voltage is double the output voltage produced at interleaved boost converter. The average

voltage and ripple factor obtained from the voltage waveform is 238.5V and 0.88%.
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Figure 5.19: Output voltage of the proposed system with PV source

The output power of the proposed system with a PV source is shown in Figure 5.20. The output
power waveform provided an average power and efficiency of 792W and 99% respectively,

which led to the conclusion that the system using a PV source has a better efficiency.
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Figure 5.20: Output power of the proposed system with PV source

5.9.3 WITH PV AND FIXED DC SOURCE
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Figure 5.21: Irradiance value of the proposed system with PV and DC source

The irradiance value of the proposed system is shown in Figure 5.21. Standard value of ir-
radiance and temperature is used for the analysis. A reference value is set for irradiance for
switching. Above the reference value, the system works with a PV source, and below the refer-

ence value, the system works with a DC source.

The duty ratio of the proposed system when changing from PV array to dc source is shown in
Figure 5.22. Here from 0-1 sec the solar will be working with PV source. After 1 sec the DC

source will supply power to the system.
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Figure 5.22: Duty Ratio of interleaved boost converter with DC and PV source

The output voltage of the interleaved boost converter when changing from PV source to DC
source is shown in Figure 5.23. There is a slight variation during the switching of PV to DC

source at 1 sec. The average output voltage of the interleaved boost converter is 118V.

140 T T T T T T T T T

-
]
o
4+

Voltage(V)

0 0.2 04 06 0.8 1 12 14 16 1.8 2

Time(Sec)

Figure 5.23: Output voltage of the interleaved boost converter with DC and PV source

The output voltage of the proposed system with DC and PV sources is shown in Figure 5.24.
For the first one second, the system will be working under PV source, and after that, it works
under DC source. A slight variation occurs at 1 sec due to the changing the system from PV
source to DC source. The average voltage and ripple obtained from waveform of the system is

239V and 0.8 % respectively.
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Figure 5.24: Output voltage of the proposed system with DC and PV source

The output power of the proposed system using DC and PV sources is shown in Figure 5.25.
The system will operate on a PV source for the first second, and then switch to a DC source.
When changing from a PV source to a DC source, there is variation occurs after 1 second in
the output. Waveform analysis shows that the system’s average output power is 794W, and its

average efficiency is 99.2%.
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Figure 5.25: Output power of the proposed system with DC and PV source
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5.10 SUMMARY

Interleaved bidirectional converter, proposed system with interleaved boost converter and volt-
age doubler circuits are simulated using the design parameters. From the different MPPT meth-
ods such as P&O, multistep P&O and zero oscillation algorithm used in interleaved boost con-
verter, summarises that zero oscillation algorithm is much better than other aforementioned al-
gorithms. Therefore zero oscillation MPPT algorithm is used for the proposed system to extract
maximum power point. The proposed system works with DC source, PV source and integrated
DC and PV source as the input to the interleaved boost converter. Proposed system with DC
source provides an average output voltage, power and efficiency of 238V, 780W and 98.75%
respectively. The proposed system with PV source provides an average output voltage, power
and efficiency of 238.5V, 792W and 99% respectively. When both DC and PV sources are used
as the input to the proposed system, the input source changes from DC to PV source when the
irradiance value is less than the reference value. 239V, 794W and 99.2% are the average output
voltage, power and efficiency of the proposed system with both DC and PV as the input source

to the proposed system.

42



Chapter 6

CONCLUSION

6.1 CONCLUSIONS

A high-gain bidirectional converter with a PPS control strategy is used for output voltage regu-
lation. An interleaved bidirectional converter in the LVS reduces the output voltage and current
ripple, and a voltage doubler in the HVS is used to obtain high voltage gain without using a
transformer with a high turn ratio. The proposed system works with two input sources, such as
a fixed DC source and a PV source. The proposed system provides better efficiency at a fixed
DC input voltage with a ripple of 0.8%. In order to develop a sustainable way to charge EVs, the
PV panel is used as the input to the proposed system. The maximum solar power is obtained by
using MPPT algorithms, and here three MPPT algorithms, such as P&O, multistep P&O, and
zero oscillation algorithms, are used to harvest the maximum power point from the proposed
system. From the comparison of three MPPT methods, it is concluded that the zero oscillation
method is better for achieving maximum power at a lower time. The efficiency of the proposed
system increases as it reaches its maximum power point. As solar energy is an unreliable source
of energy, the proposed system automatically switches from a PV to a DC source depending on
solar irradiance. The efficiency of the proposed system with a DC source, a PV source, and
both PV and DC sources is 98.75%, 99%, and 99.2%, respectively. Thus, the system becomes

more cost-effective and reliable.
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6.2 SCOPE FOR FUTURE WORK

In this work, a high-voltage-gain bidirectional DC-DC converter is developed. In future work,
DC and PV sources can be operated at the same time so that it gets power from both sources.

Implementation of advanced MPPT methods can also be used as a modification to future work.
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