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ABSTRACT

The demand for versatile electrical energy management systems that interface diverse
energy sources, energy storage elements and loads, is increasing because of their potential
applications in hybrid electric vehicle (HEVs) and fuel cell vehicles (FCVs), renewable energy
generation systems and uninterruptible power supplies. The voltage levels and the voltage-
current characteristics of the energy sources and the storage elements are normally different
from those of the loads. Therefore, a power electronics system to interface sources, storage
elements and loads need to be incorporated into energy management systems.

In this report a novel Multi-port converter interfacing a photovoltaic array, battery and
a DC load is proposed. It is composed of a uni-directional DC port for interfacing photovoltaic
array, and two bi-directional DC port for interfacing battery and DC load. Compared to the
traditional stand-alone photovoltaic power system, this system exhibits the advantages of better
protection and more efficient control on charge/discharge of the battery. Furthermore, it can
make better use of solar energy and realize energy management of the system. The key point
of energy management for the system is to control the bi-directional converter efficiently,
where bi-directional voltage and current must be controlled. In this report, the bi-directional
control strategy of bi-directional converter is proposed, which operates at three operation
modes: Buck (charge battery), Boost (discharge battery), and shut-down (SD). Maximum
power point tracking control is used to extract the maximum power from the Photovoltaic array.
Single power processing stage with multiple power ports offers an opportunity to make the
whole system simpler, compact and more efficient. Finally, a simulation of 250W and 5 HP
converter is built to verify the theoretical analysis and the control strategies. The simulation is
tested for variable load and variable irradiance.
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CHAPTER 1: INTRODUCTION

1.1 Research Motivation

1.1.1 Renewable Energy Applications

Due to the rapid consumption of traditional fossil fuels, the energy crisis and
environmental pollution become more severe. Renewable energy sources such as photovoltaic
arrays, wind turbines and fuel cells are rich in nature, resulting in the advantages of zero
emissions gaining more and more attention. Solar and wind power, they are the world's fastest
growing energy resources. Today's photovoltaic arrays and wind turbines are the most
advanced modern technology with modular design and quick installation. Since these are
intermittent renewable energy sources, when combined with another renewable energy source
can increase the certainty of continuous supply, because the individual characteristics of these

sources are complementary to each other.

In recent years, much effort has been made to discover a Renewable clean energy
sources around the world, and solar power is considered to be such an ideal and lasting source.
Since 1970, solar photovoltaic power generation has received a great deal of attention and
experienced impressive progress. Solar photovoltaic power generation will ease the energy
crisis, reduce environmental pollution, and will play an important role in improving the

greenhouse effect.
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Figure 1.1 Investment in various renewable sources.



The ever-increasing demand for low-cost energy and growing anxiety about
environmental problems, photovoltaic based systems are being progressively employed in
various applications both at domestic and commercial levels. As shown in Figure 1.1, most of
investment is made to deploy solar panels as compared to any other sources of renewable

energy.

1.1.2 Advantages of Hybrid Electric Vehicles

The idea of replacing many of the cars on the road with clean commuter vehicles has affected
most manufacturers of cars to start the development of cheap electric cars with as low price as
possible. Electric vehicles use stored energy of battery or other types of energy storage systems
for vehicle thrust and provide a clean and safe alternative to the internal combustion engine.
Now the government has already imposed restrictions in many places on the use of highly
contaminated vehicles, and vehicles with only a very low-emission are allowed to operate. In
addition, many governments have begun to offer financial subsidies and tax cuts to promote
the use of electric vehicles (EV). Society about a cleaner, renewable transportation is a priority
for many countries. This is certainly a major problem for the automobile manufacturers around

the world in response to the government.
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Figure 1.2 Equivalent costs per distance of different vehicles.

Figure 1.2 shows the money costs for different types of cars, per 100 miles route. l.e.
for a 100 miles route with a gasoline car, it is necessary an equivalent money of 8.40 dollar,



while double distance can be covered for the equivalent sum of money in hybrid electric car.
Moreover, a pure electric car, can cover three to four times distance as compared to gasoline
car (with the same amount of money). However, even if the manufacture and the energy costs
of an electric car could be cheaper than a normal car, they will certainly not be cheaper until

their sales will be as higher as a diesel or gasoline car.

EVs provides high energy efficiency. In general, the overall energy conversion
efficiencies from crude oil to vehicle motion are about 9-18%. While EVs, can perform
efficiently by converting the kinetic energy of motor to electric energy of the source with an
efficiency of nearly 25% through regenerative. (Including the efficiency of the electrical energy
generation process). The overall process is presented in the next Figure 1.3.
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Nuciear

Rorewatia

EV Overall Efficiency = 25%

EF:"? chon | Tmnxota!mn { Automovile
efining ?
Storagc 10.40%

Gasolnne Overall Efficiency =9-18%

Figure 1.3 Energy conversion efficiency.

1.2 Literature Review

This section provides the review of the research that has already been conducted in the
past years. This section comprises of two subsections for photovoltaic system and Multi-port
converters review respectively. The review of photovoltaic systems escalates from their
development to their P-V and I-V characteristics and finally the control schemes that are used.
The review of multi-port converter comprises of its various topologies, types and control

systems.



1.2.1 Review Based on Development of Photovoltaic Systems

Sera et al (2007) demonstrated the construction of photovoltaic panel using the five
parameter single diode model, based on the model parameters he predicted the characteristics
of photovoltaic panel under different irradiance and temperature conditions.

Villalva, M.G. Gazoli et al (2009) presented a method for simulation and modelling of
photovoltaic systems. He also discussed the ways of calculating the panel series and parallel

resistance.

Weidong Xiao et al (2004) discussed a modelling process to demonstrate the

performance characteristics of the photovoltaic panel.

Trishan Esram et al (2007) discussed the various MPPT techniques to harness the
maximum power from the photovoltaic panel. He described all the techniques that are being

used to track the maximum power point.

1.2.2 Review Based on Topologies of Multi-port Converters

J. L. Duarte et al (2006) presented the various topologies of multi-port bidirectional

converters and also discussed their advantages over conventional two-port converters.

Luca Solero et al (2004) proposed a multi-port converter for a hybrid drive train and

discussed various methods of modelling and simulation of the same.

Zhiling Liao et al (2008) discussed the control strategies of a bidirectional DC-DC

converter for interfacing photovoltaic panel in stand-alone applications.

F. Caricchi et al (1994) presented an experimental study on maintain a constant DC
bus voltage by means of a bidirectional DC-DC converter. He also discussed the regenerative

braking in a DC motor drive using bidirectional DC-DC converter.

1.3 Objective of the Thesis

This thesis provides a detailed study of the design, implementation and control of a three-
port bidirectional DC-DC converter, interfacing a renewable source (photovoltaic), a battery

and a load. This thesis broadly covers the following:

e Mathematical modelling of a photovoltaic system and the study of its characteristics

under changing irradiation and temperature.



e Algorithms to harness the maximum power for any environmental condition by
tracking the maximum power point.

e Design and analysis of a multi-port converter having unidirectional source and
bidirectional ports for load and battery.

e Develop and implement the control strategy of the bi-directional port to manage the
power flow between the source, load and the battery.

e Develop a MATLAB simulation model to verify the control strategy and test it of
various loads under changing environmental conditions.

e Hardware implementation of the Simulink model and comparison of the hardware and

simulation results to verify the simulation.

1.4  Thesis Organization

This thesis comprises of seven chapters. Each chapter provides a detailed study about
mathematical modelling, design and control strategies of photovoltaic panels and multi-port

converters.

Chapter 1 describes the need of hybrid vehicles which provided the motivation for the

thesis, objective of the thesis has been discussed and thesis organization is presented.

Chapter 2 explains the detailed mathematical model of a photovoltaic cell, changes in P-
V and |-V characteristics of PV module due to environmental conditions and describes the

various maximum point tracking algorithms used to harness the maximum power.

Chapter 3 presents the advantages of multi-port converter over conventional two-port
converters and their application. Discuss various topologies used depending upon the voltage
and current demands. Finally, the control strategy of multi-port converter is discussed.

Chapter 4 describes the proposed three-port converter topology used and the control

strategies that are being deployed to manage the power flow between all the ports.

Chapter 5 MATLAB simulation circuit and results of multi-port converter for variable

irradiance, variable load and separately excited DC motor as load.

Chapter 6 presents the hardware implementation of the multi-port converter, detailed

circuitry of the various components used and their tuned parameters.

Chapter 7 presents the conclusion of the thesis and provide some future scope of the topic.



CHAPTER 2: PHOTOVOLTAIC SYSTEMS

2.1 Photovoltaic Panels

Photovoltaic panels are composed of many photovoltaic cells. Photo voltaic cells
convert solar light photons into electricity. Photovoltaic solar cells realise two functions: photo
generation of charge carriers (electrons and holes) in a light-absorbing material, and separation
of the charge carriers to a conductive contact that will transmit the electricity [10]. Photovoltaic
cells are electrically connected in series and/or parallel circuits to generate higher voltages,
currents and power levels. PV cell is the fundamental building block of PV systems. PV cell
circuits are sealed in an environmentally protective laminate to make Photovoltaic modules.
Photovoltaic panels include one or more PV modules assembled as a pre-wired, field-
installable unit. PV array is the complete power generation device, consisting any number of

photovoltaic modules and panels.

The performance of PV modules and arrays are generally rated according to their
maximum DC power output (watts) under Standard Test Conditions (STC). Standard Test
Conditions are defined as operating temperature of 25° C (77° F), and incident solar irradiance
level of 1000 W/m? and under Air Mass 1.5 spectral distribution The actual performance of PV
modules is 85 to 90 percent of the STC rating as the environmental conditions are not always

standard in the fields they are operating .

2.2 Modelling of Photovoltaics Panel

The PV cell behaves similarly to a non-linear DC current source, it supplies variable
power which depends, on the deviation of the temperature and irradiation [9]. The equivalent
circuit of PV cells can be represented by either the venin's circuit or by Norton's circuit. The

equivalent circuit of PV cell is as shown in Figure 2.1.

@'\ . v
rh
—/} ] RF.

Figure 2.1 Equivalent circuit diagram of photovoltaic cell.
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The model does not take into account the internal losses of the current. A diode is
connected in anti-parallel with the light generated current source. The output current | is

obtained by Kirchhoff law:

=1, -1, (2.1)

| is the photocurrent

I is the diode current

IDzl{exp(A;‘/V ]—l} (2.2)

V is the voltage imposed on the diode.

vk (23)

lo is the reverse saturation or leakage current of the diode (A),

V1= 26 mV at 300 K for silisium cell,

T is the actual cell temperature (K),

k is Boltzmann constant 1.381 x 102 J/K,
q is electron charge (1.602 x 10+ C),

N, is the number of PV cells connected in series.

In reality, it is impossible to neglect the series resistance Rs and the parallel resistance
RP because of their impact on the efficiency of the PV cell and the PV module. When RS is
taken into consideration, equation (2) should take the next form:

lp = Io{eXp[\;L”\js]_l} (2.4)

By applying Kirchhoff law, current will be obtained by the equation:

=1 (2.5)

—1, -1

ph p

The output current of a module containing Ns cells in series will be:

V+I.R V+R..I
I, =1,|ex > 1-1|- 2 2.6
0 { p[A_NSVTJ } - (26)

p
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2.3  Effect of temperature and irradiance on solar cell characteristics

The P-V curve and 1-V curve of PV panel corresponding to different temperatures and
at constant insolation are shown in Figure 2.2 and 2.3. The output power of the PV panel
decreases with the increase in temperature as depicted, this implies that a cooler panel produces
more power than a comparatively hot panel. With increase in cell temperature the open circuit

voltage decreases, while short circuit current slightly increases with cell temperature.
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Figure 2.2 P-V characteristic at constant insolation and different temperatures.
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The photo current Ipn and hence the PV panel short circuit current depends on the irradiation
and temperature as given in Figure 2.4 and 2.5 which implies as radiations increases, the current
and hence power increases. The open circuit voltage increases logarithmically with the incident
irradiation, while the short circuit current is a linear function of the incident irradiation.
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Figure 2.4 P-V characteristics at constant temperature and different irradiations.
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2.4  Maximum Power Point Tracking Techniques

Due to changing environmental conditions the characteristics of the photovoltaic array
changes and the maximum power point varies. It is desired to obtain maximum power under
all environmental conditions and hence it is important to track the maximum power point. The
techniques by which the maximum power point is tracked on the P-V characteristics of the
photovoltaic panel to accurately determine the MPP under varying environmental conditions
are known as maximum power point tracking techniques (MPPT) [1]. Electrical tracking
(MPPT) is a process in which I-V curve of the panel is tracked for MPP. Usually power
electronics devices are used in renewable energy systems to track the MPP. The MPP is tracked

in order to harness maximum power and achieve maximum efficiency.

There are various ways to classify MPPT techniques, some depend on the number of
variables used to track MPP like one variable or two variable methods, and some based on the

type of techniques used to track MPP. The most commonly used MPPT control techniques are:

2.4.1 Voltage (open-circuit) based MPPT

The open circuit voltage Voc and maximum power point voltage Viver have a linear
relation for different solar irradiation and operating temperatures. This is used to develop
voltage MPPT technique. Equation 2.7 gives relation between Vvep and Voc.

Vi = K Voc (2.7)

Where Ky is called voltage factor and its value varies from 0.7 to 0.95 depending upon the
characteristics of the PV panel. In this method, a switch has to be connected in series with the
converter and the panel, the open circuit voltage is measured across this switch while it is off.
The MPPT sets the PV array current to zero for a very short period by opening the circuit and
measure Voc then Vvep is calculated according to Equation 2.7. The MPPT controller then,
changes the duty cycle to obtain load voltage equals to Vwmpp. This process is repeated
periodically to get maximum power. Since sensors required are less and no derivatives are
required to be calculated it is a practical method for MPP estimation [12]. The major
disadvantage of this technique is the loss of power during sampling of open circuit
voltage. The pros of this method is that it uses only one feedback loop and it is economic and

simple.
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2.4.2 The Perturb and Observe Method

This is an iterative method of MPPT tracking. It is also known as the “hill climbing”
algorithm. It regularly sense the panel working voltage and calculate PV output power with the
previous comparison, the operating voltage is changed by the duty cycle and the change in the
direction of power is observed to track MPP. The sign of change in power is determined, if the
power is increased by increasing the voltage then the operating voltage is further perturbed in
the same direction as shown in Figure 2.6, this process continues till dP/dV=0. Once the MPP
is reached, the voltage still oscillates around the MPP, instead of being stable on it, as voltage
is perturbed at MPP also. This is one of the biggest disadvantages of this method [13]. Also,
due to periodic perturbations in voltage there is significant amount of power loss in this method.
In rapidly changing environmental conditions this method doesn’t provide appropriate results,
also this method is slow in tracking the MPP as it takes several steps. The advantage of this
method is it does not require panel characteristics so it can be employed for any solar panel.

Sense Ipwdpv & calculate power

B

AP=Pin)-Pin-1) & AV=Vin)-Vin-1)

o>

R

Increase Decrease Increase Decrease
voltage voltage voltage voltage

RETURN

Figure 2.6 Flow chart of P&O algorithm.
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2.4.3 Incremental Conductance Method

Incremental conductance method is a very extensively used MPPT technique. The
drawbacks of P&O method, of oscillation of operating point around MPP during changing
environmental conditions can be overcome in INC method by comparing the instantaneous
panel conductance v/ Vev) with the incremental panel conductance (dlpv/dVey). The voltage
of MPP is tracked to satisfy dPpv/dVey=0, which is MPP. INC based algorithm is better than
other conventional methods because it is easy to implement, provides high tracking speed and
better efficiency. Present and previous values of the photovoltaic panel voltage and current are
sensed in this algorithm and are used to calculate the values of dlpv and dVpy. The algorithm is
as shown in Figure 2.7, for current based incremental conductance MPPT, similar algorithm

exists for voltage based control where voltage is sensed compared and changed.

Measure Fpyin) & Ipvin)

v

AVpv =Fpy(n)-Vpvin-1) & Npv = Ipv(n)-Ipvin-1)

Yes @

wﬂpv/ﬁ\lp" ={
NO Yes
Yes Yes No
Vpwipv+ AVpw Alpy > 0
Yes
l NO y
Increase l)ecre.asc Increase Dccr:casc
Ipv ref Ipv ref Ipv ref Ipv ref
h 4

Vpv (n-1) = Vpyin)
Ipv(n-1) = Ipvin)

( Return )

Figure 2.7 Flow chart of Incremental conductance method.
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CHAPTER 3: MULTIPORT CONVERTERS

3.1 Introduction to Multi-port Converters

A power electronic system, as shown in Figure 3.1, usually consists of a load, an energy
source, a switching converter and a control circuit. The key component is the switching
converter, which proficiently processes the power from its available input form to the desired
output form according to the signal generated by the control circuit. The switching converter
is also known as a two-port converter since it has two power ports, one port is connected to the

input which is usually the source and other is connected to the load.

i, e
£ E % =
= B3 = T
f. = A Y
Rt -
.ﬁ" IMovo-port """_:
=] Converter ol
LAk

15 LA e IT

Figure 3.1 Block diagram of a two port power converter system.

However, there are also some special cases, i.e. a system may accommodate multiple
sources and/or multiple loads. The assembly of such a system mostly includes an intermediate
power bus and is configured using several two-port converters to interconnect the bus and the
sources/loads, as illustrated in Figure 3.2. These two-port converters are independently
controlled and a communication bus may be required for the purpose of managing power flow.
The main disadvantage of this assembly is the complexity of the whole system, even if every
two-port converter is simple and realized with the minimum number of power switches.

A multi-port converter, i.e. a single power processing stage with multiple power ports, as
illustrated in Figure 3.3, is emerging because it offers an opportunity to make the whole system
simpler and more compact [15]. Thus multi-port converter cannot only interface all
sources/loads, and modify the electrical energy form, but also manage the power flow between
the sources and the loads.
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Figure 3.2 Block diagram of a power electronic system with several two-port converters.
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The major advantage of the multi-port converter over various two-port converters with
an intermediate power bus is that less power switches, less associated gate drivers and less
passive components are needed since the partial redundant power processing units in the two-
port converters are eliminated [8]. Thus cost can be reduced, and higher power efficiency and
higher power density can be achieved. Moreover, better dynamic performance can be obtained
since the communication time between the different control circuits for the two-port converters

does not exist anymore due to the centralized control.

m

Multi-port
Converter

Source | ===-- I Soume

Load | ---- | Load

Centrahized
Control

Figure 3.3 Block diagram of Multi-port Converter.
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3.2 Advantages of Multi-port Converters

The multi-port converters are in demand because of their potential application in
renewable energy generation systems, hybrid electric vehicles (HEVS), uninterruptible power
supplies, fuel cell vehicles (FCVs), and any other application with the requirement to interface
multiple sources/loads. The motivation to use multi-port converters, the assembly and basic
function of the systems are discussed in following energy management applications: a
renewable energy generation system, a misbalanced voltage electrical system in HEVs and
FCVs.

The major advantage of the multiport converter over two port converter with an
intermediate energy bus is that fewer power switches, controllers and passive components are
required. The potential applications of multi-port converter is in the electric voltage systems,
hybrid electric vehicles and fuel-cell vehicles [3]. Multiport converters have multiple input
and/or output and bi-directional ports where energy sources and electric loads can be
connected.

The role of the converter is to manage the power flow between the sources and loads.
All the ports possess the ability of bidirectional power flow. A multiport converter can manage
the simultaneous power flow from any number of ports and the voltage of various ports can be
at different levels ranging from dozens to few hundreds. In order to make the efficient use of
energy storage system it should be connected to a bidirectional port. In general, all ports are
considered to be bidirectional. Therefore, it is not required to distinguish the ports as input or
output. This is the reason why the converter is called a multiport converter instead of a multi-

input or multi-output converter. Therefore both load and source can act interchangeably.

3.3  Multi-port Converter Topologies

3.3.1 DC-linked three-port converter

Few general three-port converter topologies are presents in this section which are
broadly used depending upon the power requirements. A three-port converter topology is
employed to interconnect a renewable source (fuel cell), a storage unit and a load. The
converter topology shown in the figure below uses a DC link to connect the ports. There are
various methods to create such a converter. Figure 3.4 shows a converter which links the DC
bus with the fuel cell, storage and load [6]. This is the simplest structure and it finds a potential
application in hybrid vehicles where a high voltage renewable source is connected to a storage

and the difference in voltage level is very high. Since all the switching cells are directly
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connected in parallel, any standard switch module can be applied (e.g. a three-phase bridge

module for four-port applications, or a full-bridge module).

DC-link

Ay
/1

+

Lu;ll +> slorage J ﬁ J ﬁ

Figure 3.4 DC-linked three-port converter.

3.3.2 Magnetically coupled three-port converter

Figure 3.5 shows a three-port converter (the triple-active-bridge converter) which is
magnetically coupled. Full bridges can be used in place of the half bridges. The main
advantages of this converter is, it provides galvanic isolation and voltage levels of various ports
can be matched comfortably by choosing the suitable number of turns for the windings. The
resulting leakage inductances will be an integral part of the circuit as energy transfer elements.
The dual-active bridge (DAB) converter is extended to create this converter. A phase shift
angle controlled high frequency voltage (square wave in the easiest case) is generated by each
bridge. The voltages applied to the windings possess the same frequency. The phase shift
control the power flow in the three ports. Provided the operating voltage is constant at each
port this converter can be controlled by soft switching [14]. However, in the cases when
operating voltage varies widely, such as supercapacitors, the operating range of soft-switching
will be reduced. A method has been proposed to increase the range of soft-switching by
controlling the duty cycle of the voltage applied to the winding (rectangular-pulse wave)
according to the port DC voltage. The control scheme of the converter topology has been

discussed in the following sections.
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Figure 3.5 Magnetically coupled three-port converter.

3.3.3 Three-port converter combining DC-link and magnetic coupling

A converter combining a DC-link and magnetic coupling is illustrated in Figure 3.6.
The renewable energy source (fuel cell) and the storage battery are connected via a DC bus
link in this converter as the voltage difference between them is less, and the load is integrated
through a transformer winding . This three-port bidirectional converter topology consists of six
switches. This converter topology is employed in the applications where the sources are
operating at low voltages which needs to be stepped up to supply the load. , e.g. 400V. This
topology can also be used to supply an AC load.

low voltage

high voltage

RF IBF ("‘“ﬁ] T
mm w—zl :II: O load
fuel ¢ +~°’torag<'=»J ﬁ | Ej} L J$ T

hY

-

cell

Figure 3.6 Three-port converter combining DC-link and magnetic coupling.
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3.4 Control Strategy

Various topologies has been discussed in detail so far. A multi-port converter is able to
manage the power flow between various source and load with the help of a well refined control
strategy. Figure 3.7 shows the control system of a multiport converter which is a usual multi-
input multi-output (MIMO) condition, where the parameters that need to be controlled can be
output voltages, source currents (e.g. fuel cell current), source powers (e.g. maximum power

point tracking of a PV) etc. The phase shifts and duty cycles are the system control variables.

The theoretical control scheme is shown in Figure 3.7. Suppose there are N sources that
are being connected using the magnetic coupling, whereas DC link is used to couple M sources.
Therefore there are in total N+M independent control variables (N phase shifts for magnetic
coupled and M duty cycles for DC linked). PID/PI controller is used to compute each control
variable. Circuit parameters like voltage and current are sampled in real time using sampling
circuit, to compute the objective variable that are hard to sample, for example power [18].
Power flow management unit generates the reference signals to compare them with the output
of sampling circuit. In response to certain operating conditions, the reference signals are
calculated by the power flow manager, for example the state of charge (SOC) of the storage
element. The phase shift generator is used to generate phase-shifted square waves (PSSW) for
the magnetically coupled sources and the PWM generator is used to generate the pulse-width
modulation (PWM) signals for the DC linked sources.
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Figure 3.7 Control strategy of multiport bidirectional converter.
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CHAPTER 4: THREE-PORT CONVERTER TOPOLOGY AND
OPERATION

4.1 Converter Details and Circuit

Figure 4.1 shows a Three-port converter which comprises of two DC/DC converters.
The Buck converter is unidirectional, which is controlled by the Maximum power point
tracking (MPPT) control to extract the maximum power from the photovoltaic array. A 12V
battery is connected to the DC bus in parallel via a bidirectional DC-DC converter to allow
power flow in both directions. This system can power both DC and AC by employing DC/DC
or DC/AC converter respectively at the load port. DC bus can power the load directly if the
load voltage and DC bus voltage are same.

The bi-directional DC/DC converter plays an important role in the system by
transmitting energy in both directions [16]. The major advantages of bidirectional Buck/Boost
converter are that it is easy to configure, simple control and it has a fast response. Additionally
it can limit the current through battery to prevent any damage. Power diode of the traditional
Buck DC/DC converter is replaced by power MOSFET to develop the bidirectional DC/DC
converter [20]. MOSFET QL1 is controlled to operate in Buck mode while MOSFET Q2 is

controlled to operate in Boost mode.

DC bus

n —0
QjEL}LDI DC-DC
L ; OR
L
@ ] ;== DC-AC | Load
Co OR
1 .
k¥, l

=7
Q2 L DC Load

ol T |

Buck Buck-Boost Battery

Figure 4.1 Three-port converter topology.

The operation of the system in Figure 4.1 can be explained easily by its energy flow
model, as shown in Figure 4.2. When photovoltaic panel can produce more power than needed
by load (Ppv > Po ), solar cell will power the load and the remaining power will charge the
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battery, bidirectional DC/DC converter will operate in buck mode and the energy will flow into
the battery, as shown in Figure 4.2(a). Especially, when there is no load (P,=0), bi-directional
DC/DC converter will operate in buck mode and will charge the battery [4]. When solar cell
cannot produce enough energy to power the load (Ppv < Po), battery will supplement the solar
to power the load. Bi-directional DC/DC converter will operate in boost mode and will
discharge the battery, as shown in Figure 4.2(b). Especially, when the output power of solar
cell is zero (Ppv=0) in the conditions like overcast sky or at night, solar will not be able to power
the load so the battery will power the load via the bi-directional DC/DC converter operating in

boost mode.

/7777 DC Bus
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%% DE-DC Load
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bi-directional
battery DC-DC
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/7777 DC Bus

[/ /] [/ uni-directional
DC-DC 1 L'Dad
._

solar cell
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(b) P,< P, (P,=0 in special occasion)

Figure 4.2 Power flow depending upon PV array power and Load power.
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4.2  Control Strategy

4.2.1 Control of Buck Converter

It is always desired to attain Maximum Power output at minimum cost under various
operating conditions. However, the Maximum Power Point differs with solar irradiation.
Maximum power point is difficult to achieve at different solar irradiations. Hence, Maximum
Power Point Tracking algorithm (Perturb and Observe method) is used with buck converter
[2]. The PWM pulses generated for the duty cycle obtained from perturb and observe algorithm
is supplied to the buck converter.

When the battery is fully charged and the photovoltaic cell is supplying more power
than load then the buck converter will be controlled by the PI controller, which maintains a
constant DC bus voltage. Since battery is fully charged and cannot absorb energy, the DC bus
voltage will rise if MPPT algorithm is used hence, instead of extracting maximum power only

desired power is extracted to maintain a constant DC voltage.

4.2.2 Control of Bi-directional converter

The proposed battery charger algorithm shown in Figure 2.4, checks the DC bus voltage
and the battery state of charge (SOC). Depending upon these system parameters, the controller
selects the operating mode of the bidirectional converter. Rapid response is desired from the
controller to maintain the balanced power flow among all the ports. When the battery state of
charge (SOC) is in between 10% and 90% and the voltage of the DC bus falls below 24 V then
the bidirectional converter operates in Boost mode and supplement the solar power to maintain
a constant 24 V at the DC bus [7]. Similarly when the voltage start rising above 24 V the
bidirectional converter starts operating in Buck mode and charge the battery. If the battery SOC
falls below 10% or rises above 90 % then the bidirectional converter enters the halt mode to
prevent the deep discharge or overcharging of the battery respectively. The overall control of
the bidirectional converter is divided into three mode charging, discharging and halt.
Bidirectional converter plays an important role in maintaining the steady power flow among

photovoltaic panel, battery and the load.
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mode

4.2.3

Separately excited DC motor is being controlled to operate in 1% and 2" quadrant i.e.
forward motoring and forward generating mode. A two-quadrant chopper has been used to
operate the motor in regenerative braking mode. A two-quadrant chopper consist of a halt-
bridge which comprises of two switches and two diodes [26]. As shown in Figure 4.4

complementary PWM signals are given to both the switches to operate the machine in forward

( Measure Py, SOC \
: 4

Charging
(buck mode)

Discharging
(boost mode)

.

'

Halt
mode

Control of DC Motor Drive

motoring and regenerative braking mode.

Figure 4.3 Bi-directional converter control Algorithm.
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Figure 4.4 Two quadrant chopper control circuit.
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Figure 4.5 Control pulses of Two-quadrant chopper.

In the region marked 1 in Figure 4.5 IGBT1 will be switched ON and the motor will
operate in forward motoring mode, during this period IGBT2 will be OFF. After T1 time
IGBT2 will be switched ON but the inductor is charged so it will continue to flow the current
in same direction via body diode of IGBT2 until it discharges. In the region marked 3 the motor
will start to deaccelerate as the inductor will be charged during this period via IGBT2 [25].
After time T1 + T2, IGBT1 will be switched ON again but as the inductor is charged it will
flow the current in negative direction only and will supply power to the source. During the
region marked as 1 and 2 the motor will be in forward motoring mode while in regions marked

as 3 and 4 the will be in regenerative braking mode and will supply power to the source.
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CHAPTER 5: SIMULATION CIRCUIT AND RESULTS

5.1  Simulation Circuit
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Figure 5.1 Simulation circuit.

Simulation circuit shown in Figure 3.1, consists of a Photovoltaic array connected to
the buck converter at port 1. Buck converter is used to step-down the PV array voltage (26 V
—33V)to24V.PV array block takes irradiance as input, maximum power supplied by the PV
array depends on the irradiance. MPPT control block is used to generate the firing pulses for
the buck converter connected to the PV array. This MPPT control block is enabled at T = 0.1
s. MPPT control block takes PV array current and voltage as input. Switch connected to MPPT
control block switches to PI control block when the battery is fully charged according to the
control strategy described in the previous section.

A 12V Battery is connected at port 2 via a bi-directional DC-DC converter. Switching
signal for the battery charging MOSFET is generated by Buck control block. Buck control
block consists of a closed loop PI controller which takes DC bus voltage as input and operates
when battery is not fully charged and battery current is negative. Switching signal for the
battery discharging MOSFET1 is generated by Boost control block. Boost control block also
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consists of a closed loop PI controller which takes DC bus voltage as input and operates when
battery is not fully discharged and battery current is positive. Load block consists of a variable

resistor and is connected to the DC bus which has a constant voltage of 24 V. Load is connected
at port 3.

5.2 Parameter Calculation

Array type: Kyocera KD205GX-LP; 1 series modules; 1 parallel strings
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Figure 5.2 PV Array characteristics.

Voo 332V
lsc 8.36 A
Vinp 26.6 V
lmp 77A
Prmax (@1000 Ir) 210 W
Prmax (@700 1) 150 W
Prmax (@200 Ir) 30W
Prmax (@100 Ir) 10W

Table 5.1 PV Array Parameters.
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For Buck converter (continuous mode)

_(1-D)R

Lmin
2f

C- )
2
oL[Mg, )
For Boost converter (continuous mode)

_D(1-D)’R
Lo =— ¢ —

CZ_Z€L__
R(Meg, )

D is the duty cycle of the converter,

f is the operating frequency of the converter,

L., is the minimum inductor required for continuous mode,

C is the minimum capacitor required for continuous mode,

(A\%j is the acceptable ripple voltage,
0

R is the resistance of load.

LBuck 5*10“ H
Cauck 10*10*F
Lgi-qi 5*104 H
Cbc bus 40*10“ F
MPPT Enable 0.1s
DC bus Voltage 24V
Full charge condition 50.2 %

Table 5.2 Circuit Parameters.
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5.3 Simulation Results

5.3.1 Variable Irradiance (Load = 8Q)

YT O S S S ———_— S——
5 i i i i i j
0 1 2 3 ] 5 6 7
Time (sec)
Figure 5.3 Variable Irradiance (200W/m? — 700W/m?).
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Figure 5.4 Power and SOC waveforms corresponding to variable irradiation.
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PV Voltage
Ejml
o— " HE——
20
10
0
0 1 2 3 4 5 5 7
Battery Voltage
14
3 4%
" Uf"‘ *‘w
1n
10
9
8
0 1 2 3 4 5 6 7
DC Bus Voltage
kN
2 e — J
20
15
10
5
0
0 1 2 3 4 5 6 7
Time

Figure 5.6 Voltage waveforms corresponding to variable irradiation.
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A resistive load is connected at port 3 directly across the DC bus. The power produced
by the photovoltaic panel will vary as the irradiation is varying from 200W/m? — 700W/m? as

shown in Figure 5.3. A 12 V battery is connected at port 2 via a bidirectional DC-DC converter.

Since the load is constant, a constant amount of power will be drawn by the load.
Change in battery charging and discharging current will be due to the power provided by the
photovoltaic panel. A triangular signal is given as solar irradiation which will change the power
produced by the photovoltaic panel.

From T = 0 - 1.3 s the battery will charge by the buck operation of the bi-directional
converter, as the power provided by the PV array is more than the power required by the load.
Now at T=1.3 s the battery will start discharging by the boost operation of the bi-directional
converter, and the power supplied by the battery will gradually increase till T = 2 s as the
irradiance is decreasing till T =2 s. After T = 2 s the irradiance will increaseand at T =2.5s
the power supplied by PV array will become more than required by the load and hence the
battery will start charging and charge till T = 6 s as shown in Figure 5.4. After that the battery
will again discharge as the power required by the load is more than that supplied by the PV
array.

During all these operations the voltage of the DC bus is maintained constant at 24 V
refer Figure 5.6. Since the photovoltaic panel is controlled by MPPT algorithm the power
characteristics of the PV panel will be similar to the solar irradiation characteristics. The change
in battery charging and discharging current can be seen in Figure 5.5.
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Figure 5.10 Voltage waveforms corresponding to variable Load.
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A resistive load is connected which is varied in three steps. A constant solar irradiation
is provided to the PV panel which is changed in step from 1000W/m? to 100 W/m? at T=4.4 s

as shown in Figure 5.7.

From T=0sto T =2 s the load is 8.5 € and since the power supplied by the PV array
during this period is more than that required by the load. So the battery will start charging by
the buck operation of the bi-directional converter and at T = 1.3 s the battery reaches the full
charge condition. At this point the duty cycle of the switch responsible for buck operation is
made 0 and the control of buck converter connected directly to the PV array, is passed from
MPPT controller to PI controller as we no longer require the maximum power as shown in

Figure 5.8.

Now by the time PI controller adjusts the power supplied by the PV array to match the
load, the battery will discharge slightly to maintain the constant DC bus voltage thus fulfilling
the deficit between the load and source power. Due to this slight discharge the control is again
shifted to the MPPT controller and battery is again charged to its full value. This results in the
fluctuation of current supplied by the PV array but all this does not affect the load side as the

load gets the desired power and DC bus voltage is maintained constant.

At T = 2 s the load is reduced to 4.5 Q so the power demanded by the load increases.
But the power requirement by the load is still less than the maximum power PV array can
supply and hence the behavior of the PV current from T =2 sto T = 3 s will be same as that in
the interval T=1.3 sto T =2s. At T =3 s the load is further reduced to 2.5 Q and hence the
power demanded by the load becomes more than the PV array could supply. Therefore for

interval T =3 sto T =4 s the battery will discharge and supply power to the load.

At T =4 s the load is again increased to 8.5 Q and hence the power demanded by the
load becomes less than the PV array power therefore the battery will start to charge. At T =4.2
s the battery again gets fully charged and will remain charged until T=4.4 s when the irradiance
is reduced to 100 W/m? the power supplied by the PV array becomes less than required by the
load and hence the battery discharges from T = 4.4 sto T = 7 s. Change is load current is
observed at all the three steps as shown in Figure 5.9. During all these operation the DC bus

voltage is maintained at 24 V as shown in Figure 5.10.
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5.3.3 Speed Control of DC Motor
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Figure 5.11 Power and SOC waveforms with DC motor as load.
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Figure 5.12 Current waveforms with DC motor as load.
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Figure 5.13 Voltage waveforms with DC motor as load.
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Figure 5.14 Motor performance waveforms with DC motor as load.
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5 HP 240 V separately excited DC motor is connected at port 3 as load via a two-quadrant
chopper which operates such that the motor acts as load and source both. The photovoltaic
panel is provided a constant irradiance of 500 W/m2. The panel used in this simulation has Vmp
=265V and Imp = 11 A at the given environmental conditions. Thus the photovoltaic panel
produces 3kW power as shown in Figure 5.11. The battery has a nominal voltage of 150 V and
capacity of 40 Ah.

The DC motor starts from rest. Reference speed is set at 400 rpm but to prevent the over
reference current a 1000 rpm/s acceleration ramp is provided. Initially a load torque of 15 Nm
is also applied. Under the given condition the machine starts to accelerate and reaches the
steady state at T = 0.4 s. Since during this region (T = 0 to 0.4 s)the power required by the
motor is less than that supplied by the photovoltaic panel the bidirectional converter will

operate in buck mode and charge the battery refer Figure 5.11 and Figure 5.14.

Since the motor stop accelerating at T = 0.4 s, a drop in load current is observed as shown
in Figure 5.12. This current is added to the battery charging current to maintain the constant
DC bus voltage of 240 V. From T = 0.4 sto T = 2.1 s the motor will be in steady state at 400
rpm. At T = 2.1 s the load torque is dropped to 2 Nm thus reference current of the motor will
drop to maintain a constant speed of 400 rpm. Again due to the drop in load current, the battery

charging current will increase.

At T = 2.75 s the reference speed is dropped to 100 rpm. The motor is deaccelerated via a
ramp of 1000 rpm/s to prevent large regenerative currents. Since the motor is deaccelerating
the kinetic energy of the motor is converted to the electrical energy by regenerative braking

and the energy recovered is fed back to the battery via buck mode of the bidirectional converter.

At T = 3.15 s the motor speed will be 100 rpm, in order to maintain the constant speed and
overcome the load torque motor will require power and the load current will again become
positive. This positive current will be deducted from the battery charging current since a

constant power is supplied by the photovoltaic panel.

During whole process the DC bus voltage is maintained constant at 240 V as shown in
Figure 5.13. The photovoltaic will operate at maximum power point to achieve maximum
output. Motor actual speed and current will follow the reference speed and current respectively
as shown in Figure 5.14.
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CHAPTER 6: HARDWARE DEVELOPMENT

In this chapter, three-port converter circuit was modelled to verify the operation of the
circuit under different input conditions. In this chapter, the development of hardware prototype
of the circuit is presented. A description of every component used to realize the power and

control part of the circuit is covered here along with the results and inferences.

6.1 Hardware Setup

A three-port bidirectional DC-DC converter circuit was realized using switches, sensing
circuits and a controller. The developed circuit had a provision to interface a source, battery
and load. A variable DC supply was used as the source. Lead acid batteries were used, since
they are easier to handle, cheaply available and not too sensitive to operating conditions. A

rheostat with current rating of 5A is used as the load.

¥y > Gate pulses
- g
Current and Microcontroller
Voltage Sensors Voltage
Sensor
| Gate pulses vy
PV Buck
> Load
Array Converter |
Current | Bidirectional
< < Battery & y
Sensor < Converter

Figure 6.1 Block diagram of hardware setup.

The unidirectional paths between the source and the DC bus was realized by Buck
converter, comprising of power MOSFET, power diode and inductor. The bidirectional path

between the battery and DC bus is realized using two MOSFETSs and an inductor. To determine
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the state of charge and current of battery, current sensing circuits were used in series with the
battery. A voltage and current sensor is used to measure the PV parameters so that it can
operate at MPPT. A voltage sensor is used to measure the DC bus voltage to implement the
control of bidirectional converter. Lastly, the control algorithm and gate signals for switches
were generated using a microcontroller. Each of the components of the setup is described in

the following sections along with their specifications.

Figure 6.2 Complete hardware setup (offline).

6.1.1 Batteries

Lead acid batteries were used in the circuit to store the energy supplied by the source.
Commonly lead acid batteries are only used for such applications as lead acid batteries are
cheap, safe and easy to handle as well as robust enough to handle small amount of mal

operation. The specifications of the batteries are as follows:

e Nominal Voltage = 12V
e Capacity 7.2 Ah at 20 Hr
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Figure 6.3 Lead acid battery used in the circuit.
6.1.2 Switches

Three switches were developed for the three-port converter circuit. The switches were used
to make buck converter and bidirectional converter. The MOSFET used in this circuit is
IRFP460. The specifications of the MOSFET are as follows:

e Maximum drain source current: 20A
e Maximum drain source voltage : 500V

e Drain source resistance : 0.27 ohm

A power diode rated 16A is used in the buck converter. The pulse amplification and

isolations circuit forms the MOSFET gate driver circuit.

Figure 6.4 Driver circuit of switch.
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6.1.3 Pulse Amplification and Isolation Circuit

Power MOSFETSs used in the circuit require a gate source switching signal of 12V.
However the control circuit generally generates a low voltage signal (5V in this particular case).
Thus, pulse amplification and isolation circuits are required. The optocoupler MCTZ2E is used
to isolate the high voltage power circuit from the low voltage control circuit. As shown in the
figure, the input transistor conducts when current flows through the base from the 5V switching
signal. When this signal is high, the input transistor goes into saturation and LED of the
optocoupler glows. The photo transistor in the MCT2E thus saturates and connects the base
directly to the emitter of the output transistor. The output transistor goes into cut- off and this
allows the gate terminal to pull up to 12 V. The input and output transistors used in this circuit
are 2N2222.

+12V +12V
>
10K 31.5K
1.5K MCT2E gate
v Wy |4\12222
3 10K 12v
Firing
2N2222
pulse
Y, source
= 470K

Figure 6.5 Pulse Amplification and Isolation Circuit.

6.1.4 Snubber Circuit

When switching MOSFETSs at high frequencies, the current and voltage transients can
exceed the rated value. To protect the MOSFET from high (di/dt) and (dv/dt), snubber circuits
are used. Snubber circuit consists of a high power snubber resistance and capacitor In addition

to this, a Metal Oxide Varister (MOV) is used to protect the switch from over voltage.
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Figure 6.6 Snubber circuit for MOSFET protection.

6.1.5 Current Sensing Circuit

To obtain feedback in the circuit, current sensors have been used to estimate the State of
Charge of the batteries. In addition to this, the current sensors have also been used to measure
currents flowing through the switches and the inductor. The current sensor used is HTP25 with
arrange to measure 25A current in either direction. This is basically a Hall Effect sensor that
also provides galvanic isolation between its output (control circuit interface) and input (power
circuit). If Np turns of the input current carrying wire I are wound on the sensor, then the sensor
transforms this current at the output as (Npl/1000). Using a resistance R, across the output
terminals, the current is converted to a suitable voltage. In order to interface this voltage with
the microcontroller input pin, 3 levels of op-amp gain circuits are connected to the output of

the sensor.

e A buffer circuit is used to improve the drive of the output signal.

e A scalar is used to provide a suitable constant gain. The gain is adjusted by selecting
the proper feedback resistance

e An adder circuit to add a fixed offset to the output. This is required when it is desired
to measure bi-directional current bipolar output but the microcontroller ADC can only

take unipolar input.

The current sensors were tuned using potentiometers. The adder is used to provide an offset
of 2.5 volts. The scalar is used to set the gain so that greater magnitude among Imax and Imin

corresponds to 5V or OV respectively.
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Figure 6.7 DC current sensor circuit.

6.1.6 Voltage Sensing Circuit

It is an important circuit needed for close loop operation of control scheme. Sensor
output is processed using a unity gain buffer and an inverting amplifier. Input Resistors are
used to scale down the voltage within the range of AD202 (isolation amplifier). Op-amp
circuits are used at the output of AD202 for adjusting the scale. Circuit diagram of Voltage

sensing circuit is shown in Figure 6.8.
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Figure 6.8 DC voltage sensing circuit.

6.1.7 Power Supply

Dc Regulated supplies (+12V, gnd, -12V and +5V) are required for providing biasing to various

circuits like pulse amplification and isolation circuits, voltage sensing circuits, current sensing
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circuits etc. using ICs 7812 for +12V, IC 7912 for -12V, and 7805 for +5V. The circuit diagram

of the regulated DC power supplies are shown in Figure 6.10.
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Figure 6.9 Circuit diagram of +12V, -12V supply.

6.1.8 Microcontroller

To generate gate signals for switches and to control the state machine of the circuit
operation i.e. changing between equalizing and dead phase, a digital microcontroller was used.
The Arduino Mega 2560 is a microcontroller board based on the ATmega 2560. The on chip
peripherals on the board include54 digital 1/0 pins, 16 analog inputs interfaced with the ADC
on board. The relevant technical specifications are as follows:

e Itisab5V digital system.

e |t consists of a 10 bit ADC and hence provides an input analog voltage resolution of
5/1024 = 0.049 V, which is sufficient to measure all dynamic changes in the balancer
circuit.

e It has a 16MHz clock which is more than sufficient to generate switching gate pulses

on the digital pins of about 10kHz

The programs written in the controller to perform various tasks are presented in the

appendix.
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Figure 6.10 Arduino mega 2560 microcontroller.

6.2 Hardware Results

The buck and boost converter of the bidirectional converter is tested. 12V lead acid
battery is used as the source and rheostat as load. The operating frequency of the converter was
3 kHz and the duty cycle was set at 0.4. An inductor of 5mH and capacitor of 8uF was used to

maintain the continuous mode of the converter.

" il Srop M Pos: 0,000s AUTOSET

Figure 6.11 Applied duty cycle waveform.
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6.2.1 Buck Converter
Buck converter operating in continuous mode provides following output voltage:
V, =DV, (6.1)
Vin = 12.4 V, voltage of the lead acid battery,
D=04.

Therefore Vo = 4.96 V, in Figure 6.12 the blue waveform represents the input voltage
and the output voltage is represented by the yellow waveform. As the practically obtained
values are equal to the theoretically calculated values, the buck converter is working properly.
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Figure 6.12 Results of buck converter.

6.2.2 Boost Converter

Boost converter operating in continuous mode provides following output voltage:

Vo — in (62)



Vin =12.4 V, voltage of the lead acid battery,
D=04.

Therefore Vo = 20.66 V, in Figure 6.13 the blue waveform represents the output voltage
and the input voltage is represented by the yellow waveform. As the practically obtained values

are equal to the theoretically calculated values, the boost converter is working properly.
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Figure 6.13 Results of boost converter.
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CHAPTER 7: CONCLUSION AND FUTURE SCOPE

This report provides the potential application of Multi-port converters in Hybrid Electric
vehicles. They are required to manage the power flow between all the on-board renewable
sources, storage units and load. Mathematical model of the photovoltaic panel has been
discussed and the varying P-V and |-V characteristics under changing environmental
conditions has been studied. Different MPPT techniques are analyzed and is used to harness
the maximum power from the photovoltaic panel.

The limitations of the traditional two-port converters are described and a three-port
bidirectional DC-DC converter topology is proposed in the report. Three-port bidirectional
converter topology interface a photovoltaic cell, battery and DC load. Control strategy of the
buck converter using MPPT algorithm and P1 control of the bi-directional converter to charge
and discharge the battery according to the power supplied by the photovoltaic is also discussed.

Simulations of the proposed porotype is carried out under resistive load and separately
excited DC motor. Results for variable irradiance and variable load shows desired operation of
the multi-port converter. DC bus voltage is maintained constant and PV array power
characteristics follow the irradiance curve thus proving the maximum power flow from
Photovoltaic array. The simulation results verify that the prototype can be scaled according to
the application and can be employed in hybrid electric vehicles. Multi-port converters increase
the overall efficiency of the system by implementing the regenerative braking in hybrid electric
vehicle.

More renewable sources of energy can be incorporated to provide an uninterrupted
power from the renewable sources, for example full cells can be connected for hybrid vehicles
application in a four-port converter topology. Other converter topologies providing galvanic
isolation can be used for better performance under conditions when the difference in voltage

levels between sources and loads is large.
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APPENDIX

A. Parameters of DC Motor

Type Separately excited
Rated Power 5HP
Rated Speed 1750 rpm
Mutual Inductance 1.234 H
Armature Voltage 240V
Armature Resistance 0.78 Q
Armature Inductance 0.016 H
Field Voltage 150 V
Field Resistance 150 Q
Field Inductance 1125 H
Moment of Inertia 0.05 kg-m?
Viscous friction coefficient 0.01 N-m-s

Table 1. Separately excited DC machine parameters.

B. Control Parameters

Buck K, 7

Buck K; 1
Bidirectional Buck Kp 40

Bidirectional Buck K; 4
Bidirectional Boost K, 0.1

Bidirectional Boost Ky 2
Motor speed controller Kp 60
Motor speed controller K; 400
Motor current controller Ky 2
Motor current controller K; 200

Table 2. Control parameters of the circuit.
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C. PV array characteristics

Array type: SunPower SPR-305-WHT; 5 series modules; 4 parallel strings
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Figure c. P-V and I-V characteristics of photovoltaic array.
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